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La vacunación antitumoral se realiza con el objetivo de desencadenar una 
protección por el sistema inmunitario que impida las recaídas y la metástasis. La 
infiltración de tumores humanos con linfocitos T CD8+, que expresan marcadores 
fenotípicos asociados a la memoria residente (Trm) correlaciona con el aumento de la 
supervivencia. Sin embargo, la interrelación de los linfocitos T CD8+ de memoria 
residente y circulante en la inmunología tumoral no se ha explorado previamente.  
En el presente estudio analizamos la contribución a la inmunidad antitumoral de 
las subpoblaciones de linfocitos T CD8+ de memoria residente y circulante, generadas 
mediante diferentes vías de inmunización con el virus vaccinia. Mientras que las dos 
poblaciones de memoria, por sí solas, fueron suficientes para retrasar el crecimiento del 
tumor, la Trm aumentó la inmunidad antitumoral en presencia de la memoria circulante. 
La transferencia adoptiva de memoria central (Tcm) generó respuesta Trm en procesos de 
infección viral o tras la inoculación de un tumor. Asimismo, la combinación de la 
transferencia adoptiva de Tcm con la administración del anticuerpo anti-PD-1 aumentó la 
infiltración de linfocitos T en el tumor, que expresaron marcadores fenotípicos asociados 
a la Trm, y redujo en el crecimiento tumoral. Además, la reactivación de linfocitos Tcm 
contra el tumor dependió de células dendríticas que requieren la expresión del factor de 
transcripción Batf3. 
Nuestros resultados muestran la plasticidad y colaboración entre linfocitos Tcm y 
Trm, así como los requerimientos para la reactivación de linfocitos Tcm en un contexto 
antitumoral. Este conjunto de observaciones contribuye a mejorar las estrategias de 















The goal of successful antitumoral immunity is the development of long term 
protective immunity to prevent relapse. Infiltration of tumors by CD8+ T cells with a 
resident memory (Trm) phenotype correlates with improved survival. However, the 
interplay of circulating CD8+ T cells and Trm cells remains poorly explored in tumor 
immunity.  
Using different vaccination strategies that fine-tune the generation of Trm cells or 
circulating memory T cells, here we show that, while both subsets are sufficient for anti-
tumor immunity, the presence of Trm cells improves anti-tumor efficacy. Transferred 
central memory T cells (Tcm) generate Trm cells following viral infection or tumor 
challenge. Anti-PD-1 treatment promotes infiltration of transferred Tcm cells within 
tumors, improving anti-tumor immunity. Moreover, Batf3-dependent dendritic cells are 
essential for reactivation of circulating memory anti-tumor response. Our findings show 
the plasticity, collaboration and requirements for reactivation of memory CD8+ T cells 
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Abreviatura Español English 
ACT transferencia adoptiva adoptive cell transfer 
APC células presentadoras de antígeno antigen presenting cells 
B16-OVA línea tumoral de melanoma de ratón 
que expresa ovoalbúmina 
 
Batf3 factor de transcripción 3 tipo ATF 
con dominio de cremallera de 
leucina 
basic leucine zipper ATF-like 
transcription factor 3 
Bcl-2 linfoma 2 de las células B B-cell lymphoma 2 
BDCA-3 CD141, antígeno 3 de las células 
dendríticas de sangre 
blood DC antigen 3 
BLIMP1 proteína 1 con dedos de zinc que 
contiene dominios PR 
PR domain zinc    finger protein 1 




CAR células con receptor de antígenos 
quimérico 
chimeric antigen receptor 
CCR receptor de quimiocinas C-C chemokine receptor 
CD cúmulo de diferenciación cluster of differentiation 
CDP progenitor común de células 
dendríticas 
common dendritic cell progenitors 








CLEC9A  C-type lectin domain family 9, 
member A  
CSF-1 factor 1 estimulador de colonias colony-stimulating factor-1 
CTL linfocito T citotóxico citotoxic T lymphocyte 
CTLA-4 antígeno 4 de los linfocitos T 
citotóxicos 
cytotoxic T-lymphocyte antigen 4 
CXCR receptores de quimiocinas tipo C-X-
C 
C-X-C chemokine receptor 
CXCL ligando de la familia de quimiocinas 
C-X-C 
chemokine (C-X-C motif) ligand  
d.p.i días post-infección days post-infection 
DC células dendríticas dendritic cells 
DNFB 1-flúor-2,4-dinitrobenzeno 1-Fluoro-2,4-dinitrobenzene 
DNGR-1 Proteína codificada por el gen 
Clec9a 
DC NK group receptor type-1 
dLN ganglio linfático drenante draining lymph node 
EDTA ácido etilendiaminotetracético ethylenediaminetetraacetic acid 
Eomes Eomesodermina eomesodermin 
FACS citometría de flujo fluorescence-activated cell sorting 




Abreviatura Español English 
FLT3-L ligando 3 de la tirosina quinasa tipo 
Fsm 
Fms-like tyrosine kinase 3 ligand 
FMO fluorescencia menos una fluorescence minus one 
FSC-A Tamaño forward scatter-area 
FTY720  2-Amino-2-[2- (4-octyl-phenyl)-
ethyl]-propane-1,3-diol 
hydrochloride 
GMFI media geométrica de la intensidad de 
la fluorescencia 
geometric mean of fluorescence 
intensity 
GMCSF factor estimulador de colonias de 
monocitos y macrófagos 
granulocyte-macrophage colony-
stimulating factor 
HEV venas endoteliales altas high endothelial venules 
HIV virus de la inmunodeficiencia 
humana 
human immunodeficiency virus 
HSV virus del herpes simple herpes simple virus 
i.d. intradérmico intradermal 
i.n. intranasal intranasal 
i.p. intraperitoneal intraperitoneal 
i.v. intravenoso intravenous 
ICAM-1 molécula 1 de adhesión intercelular intercellular adhesion molecule 1 
ID2 proteína inhibidora de la unión al 
DNA 
DNA-binding protein inhibitor 
IFITM-3 proteína 3 de transmembrana 
inducida por interferón 
interferon-induced 
transmembrane protein 3 
IL interleuquina interleukin 
Irf8 factor 8 de regulación del interferón interferon regulatory factor 8 
Klf2 factor 2 tipo Kruppel Kruppel-like factor 2 
LAG-3 gen 3 de activación de linfocitos lymphocyte-activation gene 3 
LN ganglio linfático lymph node 




MC38-OVA línea tumoral de  
adenocarcinoma de colon que 
expresa ovoalbúmina 
 
MCMV virus del moteado clorótico del maíz Maize chlorotic mottle virus 
MHC complejo mayor de 
histocompatibilidad 
major histocompatibility complex 
mTOR diana de mamíferos para rapamicina mammaliam target for rapamycin 
Nfil3 factor nuclear regulado por IL-3 nuclear factor, interleukin 3 
regulated 
NK células asesinas naturales natural killer 
Notch2  neurogenic locus notch homolog 
protein 2 
NS no significativo no significant 
OT-I Células T CD8+ específicas para el 
péptido 257-264 de la ovoalbúmina 






Abreviatura Español English 
OVA ovoalbúmina ovalbumin 
p.f.u partículas virales formadoras de 
placas 
plaque-forming units 
PBS solución tampón salina de fosfato phosphate buffered saline 
PD-1 proteína 1 de la programación de la 
muerte  
programmed cell death protein 1 
 
PDL-1 ligando de PD-1 programmed cell death protein 1 
ligand 
Post posterior a post 
rVACV-
OVA 




s.c. subcutáneo subcutaneous 
s.e.m. error estándar de la media standard error of the mean 
s.s. escarificación en la piel skin scarification 
S1P esfingosina-1 fosfato sphingosine-1 phosphate 
S1P1 receptor de S1P sphingosine-1-phosphate receptor 
1 
Sca-1 antígeno 1 de células madre stem cells antigen-1 
SHP-1 Fosfatasa 1 que contiene el dominio 
de la región de homología 2 de Src 
Src homology region 2 domain-
containing phosphatase-1 
SMAD4 Proteína homóloga de la proteína de 
mosca MAD y de la proteína SMA 
de Caenorhabditis elegans 
 
SSC-A complejidad size scatter-area 
T-bet factor de transcripción asociado a 
linfocitos T 
T-box transcription factor 
TCR receptor de células T T cell receptor 
Tcm memoria T central T central memory 
TdLN nódulo linfático drenante del tumor tumor draining lymph node 
Tem memoria T efectora T efector memory 
TGF-β factor β de transformación y 
crecimiento 
transforming growth factor-β 
Th17 linfocitos T colaboradores tipo 17 T-helper 17 
TIL linfocitos que infiltran el tumor tumor-infiltrating lymphocytes 
TLR receptores tipo Toll Toll-like receptor 
TNF-a factor de necrosis tumoral tumor necrosis factor 
Trm memoria T residente de tejido tissue T resident memory 
Tscm células madre de memoria T T stem cell-like memory 
VCAM-1 molécula de adhesión a las células 
vasculares 
vascular cell adhesión molecule 1 
VSV virus de la estomatitis vesicular vesicular stomatitis virus 















5.1 Sistema inmunitario y microambiente tumoral 
Los tumores son agrupaciones de varios tipos celulares: las células tumorales que 
le dan origen, fibroblastos, células endoteliales y una gran variedad de células del sistema 
inmunitario. Inicialmente, la infiltración del tumor con células del sistema inmunitario es 
pobre. Sin embargo, a medida que el tumor progresa hay una mayor infiltración de células 
NK (del inglés, natural killer), macrófagos, células dendríticas (DC del inglés, dendritic 
cells), células mieloides supresoras y linfocitos T reguladores. También hay que destacar 
a los linfocitos T efectores, por su papel en la terapia antitumoral (Fox et al. 2011).  
La cirugía y la quimioterapia son métodos clásicos para tratar a los pacientes con 
cáncer, aunque no totalmente resolutivos. Las células tumorales tienen una gran 
inestabilidad genética y epigenética. Por esta razón, los tratamientos farmacológicos se 
encuentran con mecanismos de resistencia que inhabilitan su efecto. Además, la cirugía 
está limitada a la extracción de tumores primarios en estadios tempranos (Sharma et	al. 
2015a). 
Los estudios recientes colocan el tratamiento con linfocitos T como una estrategia 
terapéutica con suficiente diversidad y capacidad de adaptación para eliminar tumores 
(Rosenberg et	al. 2015; Sharma et	al.	 2015a). Estas células expresan receptores de 
antígenos generados al azar por recombinación genética. El gran repertorio de clones de 
linfocitos T probablemente es suficiente para cubrir no solo a los antígenos tumorales 
clásicos, sino también a los nuevos antígenos tumorales que resultan de la inestabilidad 
del genoma. Aparte de su especificidad, la generación de células T de memoria constituye 
otra ventaja respecto al resto de terapias antitumorales. La memoria T se caracteriza por 
una larga supervivencia y una mayor capacidad efectora ante el reencuentro con el 
antígeno (Kaech et	al. 2012; Youngblood et	al. 2015). Esto aumentaría la eficiencia de 
una vacunación antitumoral basada en la generación de memoria T, con muchas 
posibilidades para evitar metástasis. 
Para que los linfocitos T, tanto naive como de memoria, monten una respuesta 
inmunitaria correcta, deben encontrar los antígenos en el contexto de células 
presentadoras (APC del inglés, antigen presenting cells) como las DC. Las DC proveen 




del encuentro con las APC, probablemente en el TdLN (del inglés, tumor draining lymph 
node), los linfocitos T naive adquieren, y los de memoria restablecen, sus funciones 
citotóxicas. Ambos tipos celulares migran hacia el tumor para generar una respuesta 
efectora (Pfirschke et al. 2017). Cuando los linfocitos T están dentro del tumor, el éxito 
de “la batalla” depende de su capacidad para superar el gran número de barreras 
reguladoras. Dentro de estas barreras se destacan la expresión de moléculas de inhibición, 
las citoquinas inhibidoras, las células mieloides supresoras, las células T reguladoras y 
otros mecanismos que mitigan la respuesta inmunitaria en el ambiente tumoral (Sharma 
et	al. 2015b). 
5.2 Memoria T 
El estudio de los linfocitos T CD8+ de memoria ha revelado el extraordinario 
potencial de diversificación de la inmunidad adaptativa. Cuando los linfocitos T CD8+ 
naive encuentran a su antígeno, cognado presentado en el contexto del complejo mayor de 
histocompatibilidad de clase I (MHC-I, del inglés, major histocompatibility complex class 
I) junto a las señales de coestimulación y las citoquinas apropiadas se inicia un programa 
de proliferación y diferenciación (Kaech et	al. 2012; Böttcher et	al. 2015). Se producen 
cambios en las moléculas de adhesión y en la expresión de receptores de quimiocinas en 
la superficie de los linfocitos T, que les permiten salir de los órganos linfoides 
secundarios (Kaech et	al. 2012). Después de varios días de expansión, la población 
específica por el patógeno se reduce en número, lo que se conoce como fase de 
contracción de la memoria. Aproximadamente el 90% de los linfocitos muere por 
apoptosis, mientras que el 10% que sobrevive; lo hace largos períodos de tiempo y en 
algunos casos para toda la vida (Mueller et al. 2013). Si el proceso de infección se 
elimina, estas células se convierten en linfocitos de memoria con función protectora 
(Figura I1). 
La memoria T se caracteriza por tener una vida larga, alta capacidad proliferativa 
y readquiere su función efectora después del reencuentro con el antígeno (Chang et	al. 
2014). La población de memoria T CD8+ se mantiene mediante la renovación 
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Figura I1. Cinética de la respuesta T CD8+ tras una infección viral 
(a) Durante una infección viral aguda los linfocitos T específicos por el antígeno proliferan rápidamente 
(fase de expansión) y se diferencian en linfocitos T citotóxicos que median la eliminación del virus. La 
mayoría de estas células muere en las próximas semanas durante la fase de contracción de la respuesta. 
Solamente un número muy bajo de linfocitos T efectores (5–10%) sobrevive y se convierte en memoria T 
CD8+ funcional y madura. (b) El conjunto de linfocitos T efectores se puede clasificar en distintas 
subpoblaciones en dependencia de la expresión génica y las proteínas de superficie, las funciones efectoras, 
los patrones de migración y la capacidad de proliferación. Por ejemplo, la memoria T circulante, que 
incluye la memoria T central (Tcm, del inglés T central memory), la memoria T efectora (Tem, del inglés T 
effector memory) y las células madre de la memoria T (Tscm, del inglés T stem cell-like memory) y la 
memoria T no circulante, que incluye la memoria T residente de tejido (Trm, del inglés, Tissue resident 
memory). 
La heterogeneidad de los linfocitos T CD8+ de memoria en la expresión de 
receptores de superficie, la función efectora, la localización y las propiedades de 
migración, han llevado a su clasificación en dos grandes poblaciones (Tabla 1) (Sallusto 
et al. 1999; Hamann et al. 1997): la memoria circulante, compuesta por la memoria 




inglés, T stem cell-like memory) (Lugli et al. 2013; Klebanoff et al. 2016) y la memoria 
efectora (Tem del inglés, T efector memory), y la memoria residente (Trm del inglés, 
tissue resident memory) (Chang et	al. 2014). 
Tabla 1. Poblaciones de linfocitos T CD8+ de memoria 
Población Marcadores fenotípicos Localización 
Tcm CD44hi, CD62L+, CCR7+, 
CD127+, CD69-, CD103- 
Ganglios linfáticos, bazo, sangre y médula ósea 
 
Tem CD44hi, CD62L-, CCR7-, 
CD127+, CD69-, CD103- 
Bazo, ganglios linfáticos, sangre, pulmones, 
hígado, tracto intestinal, tracto reproductivo, 
riñones, tejido adiposo y corazón 
 
Tscm CD44lo, CD62L+, 
CD122+, Sca-1+ 
Ganglios linfáticos y bazo 
Trm CD44hi, CD62L-, CCR7-, 
CD69+, CD103+ 
Epitelio de la piel, intestinos, vagina, glándulas 
salivales, pulmones, cerebro y ganglios 
linfáticos 
 
Tcm, memoria T central; Tem, memoria T efectora; Tscm, células madre de memoria T; Trm, memoria 
residente de tejido 
5.2.1 Memoria T circulante 
La primera descripción funcional de los subtipos de memoria T circulante 
proviene de Sallusto y colaboradores (Sallusto et al. 1999), cuando dividieron los 
linfocitos de memoria en subpoblaciones con distintas características fenotípicas. A partir 
de varios estudios en ratones (Masopust et al. 2001) se adoptó un modelo en el que la 
memoria T CD8+ circulante se divide en dos subpoblaciones: Tcm y Tem (Tabla 1). En la 
Tem la disminución de la expresión de las moléculas de retención CD62L y CCR7 limita 
su habilidad para residir en los ganglios linfáticos (LN del inglés, lymph node), 
permitiéndole circular y establecerse en los tejidos periféricos. Además, preserva la 
función efectora para responder rápidamente ante un estímulo. Por el contrario, la Tcm 
expresa CD62L y CCR7, restringiendo su ubicación anatómica a los tejidos linfáticos. En 
los órganos linfoides secundarios la Tcm tienen mayor potencial proliferativo que la Tem, 
sin embargo, las células Tem tienen mayor potencial efector (Masopust et al. 2001; 




Las células T de memoria circulante migran constantemente por todo el cuerpo. 
Algunos experimentos pioneros siguieron el recorrido de los linfocitos T desde la sangre 
hacia los órganos linfáticos mediante las venas endoteliales altas (HEV del inglés, high 
endothelial venules) especializadas y de ahí a los vasos linfáticos eferentes. Los linfocitos 
T también pueden entran al LN mediante los vasos linfáticos aferentes (Carbone et	al. 
2015). La memoria circulante llega a los LN donde permanece por aproximadamente 6-
18 horas escaneando antígenos antes de retornar a la circulación mediante la linfa 
(Tomura et al. 2008; Grigorova et	al. 2010). Este patrón de migración se ve alterado por 
la exposición a antígenos, que aumentan la entrada y retienen las células T en los LN 
(Hall et	al. 1965). 
Los estudios sobre los cambios en el fenotipo y la función de la memoria T en 
reposo donde se utilizan varias rondas de estimulación con una infección aguda, han 
contribuido a la comprensión de su regulación genética (Joshi et al. 2011; Nolz et	al. 
2011). Mediante el uso de una estrategia de prime-boost Masopust y colaboradores 
demostraron que en comparación con la respuesta primaria de la memoria T CD8+, la 
respuesta secundaria y terciaria se enriquece en cualidades efectoras y se localiza 
principalmente en los tejidos no linfáticos (Masopust et al. 2006a). La exposición 
reiterada al antígeno enriquece progresivamente la memoria efectora, con células que 
tienen una menor expresión de CD62L y CD127 y una mayor expresión de granzima B 
(Masopust et al. 2006a). Desde el punto de vista genético, con cada estimulación 
adicional se modifica un programa de genes en las poblaciones de memoria T CD8+ 
(Wirth et al. 2010). Si se compara con células de memoria primaria, en la memoria 
secundaria y terciaria aumentan los niveles de mRNA (del inglés, messenger ribonucleic 
acid) que codifican para granzima B, CCR5, IL-2Rα, T-bet (del inglés, T-box 
transcription factor), BLIMP1 (del inglés, PR domain zinc finger protein 1) e ID2 (del 
inglés, DNA-binding protein inhibitor 2 ), y disminuyen los niveles de mRNA que 
codifican para CCR7, CD62L, TCF1, ID3 y MYC (Wirth et al. 2010). Los estudios de 
prime-boost sugieren que la cantidad de células T de memoria se puede aumentar, lo cual 
tiene una gran implicación para la generación de nuevas vacunas (Youngblood et	al. 
2015). Teniendo en cuenta que las diferencias fenotípicas utilizadas para clasificar las 
diferentes poblaciones se modifican progresivamente con nuevas reestimulaciones, se 
genera la pregunta de si las subpoblaciones están comprometidas a su respectivo estadio 




(Youngblood et	al. 2015). 
5.2.1.1 Células madre de memoria T o Tscm 
Recientemente se ha identificado una nueva subpoblación de memoria T. Este 
subtipo celular con propiedades y características fenotípicas de un linfocito naive, expresa 
un programa de genes muy parecido, pero posee la habilidad de proliferar 
homeostáticamente en presencia de IL-7 e IL-15 (Tabla 1). Se conocen como las células 
madre de memoria T, debido a que poseen muchas características de las células madre. 
Además, tienen el potencial de producir diferentes subpoblaciones de memoria T con una 
eficiente respuesta efectora (Gattinoni et al. 2011; Lugli et al. 2013). 
El modelo de células madre inmunológicas se apoya, en parte, en la existencia 
de células madre de memoria T. Este modelo propone que una célula de memoria que se 
reencuentre con el antígeno es capaz de dividirse y generar dos grupos celulares, uno con 
una diferenciación terminal y otro con habilidad para autorenovarse (Fearon et	al. 2001). 
En un modelo de transferencia adoptiva de una única célula Tcm se demostró la habilidad 
de autorenovación y multipotencia, a través de transferencias adoptivas en serie y varias 
rondas de infección (Graef et al. 2014). La población de linfocitos humanos Tcm y Tem 
con alta expresión de IL-18R y el receptor de NK CD161 se parece a las células madre 
hematopoyéticas, ya que sobrevive a las exposiciones con drogas durante la quimioterapia 
(Turtle et al. 2009). Otra población distinta de células T CD8+ que expresa CD44lo, 
CD62Lhi y altos niveles de Sca-1 (del inglés, stem cells antigen-1), CD122 y Bcl-2 (del 
inglés, B-cell lymphoma 2) (Gattinoni et al. 2009), (Zhang et al. 2005), tiene una 
capacidad proliferativa y funciones superiores al resto de Tcm en experimentos de cáncer 
e injerto contra huésped. 
5.2.2 Transferencia adoptiva de linfocitos T  
La transferencia adoptiva (ACT del inglés, adoptive cell transfer) consiste en la 
expansión ex vivo y la reinfusión de linfocitos T (antígeno específico) a los pacientes. La 
ACT es un método potencialmente curativo para el tratamiento de pacientes con cáncer 
(Sadelain et	al. 2009; Jensen et	al. 2014; Maus et al. 2014; Rosenberg et	al. 2015) y 
síndromes de reactivación viral (Bollard et	al. 2012; Leen et	al. 2014; Maus et al. 2014). 
La habilidad de modificar genéticamente linfocitos T de sangre periférica de pacientes y 




modificación del TCR (del inglés, T cell receptor) o la utilización de la tecnología CAR 
(del inglés, chimeric antigen receptor) ha simplificado mucho la generación de células T 
para la ACT (June et	al. 2009; Jena et	al. 2010; Kershaw et	al. 2013; Dotti et al. 2014). 
En varios modelos preclínicos las poblaciones mínimamente diferenciadas 
como las células T naive, la Tscm, y la Tcm tienen mayor supervivencia (Klebanoff et al. 
2005; Gattinoni et al. 2009, 2011; Wang et al. 2011; Cieri et al. 2013; Graef et al. 2014), 
actividad antitumoral (Klebanoff et al. 2005; Gattinoni et al. 2009, 2011), actividad 
antibacteriana (Graef et al. 2014) y actividad antiviral después de una ACT; si se compara 
con la Tem y las células T efectoras. A pesar de estos datos, la mayoría de las terapias con 
linfocitos T no utiliza una población definida de células T. Por el contrario, utilizan 
poblaciones de células T sin fraccionar (Jensen et	al. 2014). Las células T derivadas de la 
transferencia de linfocitos T de memoria efectora modifican directamente a las células T 
naive, formando grupos de interacción durante la estimulación. Este proceso se llama 
diferenciación precoz (Klebanoff et al. 2016), y sincroniza el desarrollo de células T 
naive con el de células Tem. Como resultado, aumenta el proceso de diferenciación 
funcional, transcripcional y metabólico, que disminuye la actividad antitumoral de las 
células T (Klebanoff et al. 2016). 
5.2.3 Memoria T residente 
La Trm se describió por primera vez en el año 2001 (Masopust et al. 2001). 
Posteriormente, el mismo grupo de investigación demostró que la Trm del intestino no 
recircula en el bazo ni en los LN de ratones parabiontes, como lo hace el resto de células 
T (Klonowski et al. 2004). En condiciones fisiológicas la Trm se encuentra en las barreras 
protectoras como el tracto gastrointestinal, el tracto respiratorio, el aparato reproductivo y 
la piel. También se han encontrado en el cerebro, los riñones, las articulaciones y otros 
tejidos que no son barreras biológicas (Tabla 1). La Trm que aparece en los tejidos que no 
son barreras tiene un programa transcripcional similar a la de los tejidos que constituyen 
las barreras (Wakim et al. 2012). 
5.2.3.1 Generación de Trm 
Los linfocitos naive recirculan entre la sangre y los LN, donde permanecen entre 
12 y 24 horas antes de retornar a la sangre y migrar hacia otro LN (von Andrian et	al. 




residencia que expresan los linfocitos naive, cuando se activan en un determinado 
microambiente (Liu et al. 2006; Sallusto et	al. 2009). Los linfocitos vírgenes que se 
activan en los dLN (del inglés, draining lymph node) de la piel expresan CLA (del inglés, 
cutaneous lymphocyte-associated antigen), una variante glicosilada del ligando de la 
glicoproteína selectina-P (Picker et al. 1993; Sallusto et al 2009) y un ligando para la E-
selectina, así como un conjunto de receptores de quimiocinas que facilitan la migración a 
la piel (CCR4, CCR8 y CCR10) (Campbell et al. 1999; Campbell et	al. 1999; Homey 
et al. 2002). Después que las células T efectoras salen del dLN de la piel hacia la sangre, 
aquellas con marcadores de retención en piel se quedan atrapadas preferencialmente 
por los vasos inflamados de la piel y se extravasan a la dermis (Chong et al. 2004). Esta 
secuencia de eventos se repite una y otra vez en las diferentes barreras protectoras durante 
toda la vida de un organismo. Como resultado, se acumula una población Trm diversa, 
abundante, cuya especificidad no se superpone con otras poblaciones en cada uno de los 
tejidos de las barreras protectoras (Jiang et al. 2012; Clark et	al. 2015). De esta forma, el 
pulmón contiene Trm específicas para el virus de la influenza (Hogan et al. 2001; Wei 
et al. 2005; Wu et al. 2014), los intestinos contienen Trm específicas para el rotavirus 
(Kuklin et al. 2000), la piel está enriquecida en Trm específicas para Cándida (Seneschal 
et al. 2012; Schlapbach et al. 2014), y la mucosa del tracto reproductivo contiene Trm 
específicas para el virus del herpes simple (HSV del inglés, herpes simple virus) 
(Nakanishi et al. 2009; Mackay et al. 2012; Shin et	al. 2012; Iijima y Iwasaki et	al. 
2014). 
Recientemente se demostró que un linfocito T naive puede generar 
simultáneamente un linfocito Trm y otro Tcm con la misma especificidad. La Trm de la 
piel y la Tcm de los LN comparten la misma secuencia variable (CDR3 del inglés, 
complementarity-determining regions) del TCR (del inglés, T cell receptor). Lo cual 
sugiere que las células Trm y Tcm tienen un precursor común (Park et	al. 2015). La 
Trm de tejidos periféricos está duplicada en especificidad de antígenos por una población 
de memoria Tcm (Gaide et al. 2015). 
La infección de la piel de ratones mediante escarificación con el virus vaccinia 
(VACV del inglés, vaccinia virus) induce la acumulación de Trm, tanto en la zona 
infectada como en los sitios alejados por toda la piel (Jiang et al. 2012). Este fenómeno 
también se describió durante la inmunización de la piel con proteínas y haptenos (Gaide 




niveles de E-selectina, quimiocinas e ICAM-1 (del inglés, intercellular adhesion 
molecule 1), moléculas requeridas para que las células T se extravasen (Chong et al. 
2004) y se establezcan en las zonas no infectadas. Además, los encuentros repetidos con 
un mismo patógeno en distintos sitios de la piel conllevan a la acumulación de la Trm 
específica por el patógeno en toda la superficie epitelial. Por esta razón, se pueden 
encontrar con más frecuencia un mayor número de Trm específicas por un patógeno 
determinado (Jiang et al. 2012; Gaide et al. 2015). 
En los modelos de infección con VACV las DC dependientes de Batf3 (del inglés, 
basic leucine zipper transcription factor, ATF-like 3) se requieren para la generación 
óptima de Trm, pero no para su diferenciación en la piel o la formación de memoria 
circulante. Las DC DNGR-1+ (del inglés, DC NK group receptor type 1, también 
conocido como CLEC9A, del inglés, C-type lectin domain family 9 member A) 
promueven la inducción de T-bet y la retención de los linfocitos T CD8+ en los LN, lo 
cual contribuye a la formación de precursores de Trm. La retención de linfocitos T en el 
LN aumenta la generación de Trm, mientras que la deficiencia genética o el bloqueo con 
anticuerpos anti-DNGR-1 inhiben el priming de la Trm. El bloqueo de las señales 
específicas provistas por las DC DNGR-1+ durante el priming, tales como IL-12, IL-15, o 
CD24, también reproduce el fenotipo anterior (Iborra et al. 2016).  
5.2.3.2 Señales para el desarrollo de Trm 
El desarrollo de Trm involucra muchos puntos críticos como la entrada al tejido, 
la retención en el tejido, y la consiguiente respuesta local a las señales que contribuyen al 
desarrollo y supervivencia de la Trm en el tejido. La vía de señalización mTOR (del 
inglés, mammaliam target for rapamycin) permite la migración y acumulación de 
linfocitos T en la mucosa (Cyster et	al. 2012). En la piel, algunos receptores de 
quimiocinas como CXCR3 (del inglés, C-X-C chemokine receptor) dirigen la 
localización de linfocitos T en la epidermis y la subsecuente formación de Trm (Iwata 
et al. 2004). Asimismo, CXCR3 dirige la localización de linfocitos T en el epitelio 
pulmonar (Bromley et	al. 2005; Mackay et al. 2015). La velocidad de salida desde los 
tejidos es también un factor determinante en la formación de Trm. Por ejemplo, los 
linfocitos T que carecen de CCR7, requerido para la salida de los linfocitos T desde los 
tejidos periféricos (Zabel et al. 1999), muestran un aumento en la conversión local y 




Existe un gradiente en los niveles de S1P (del inglés, sphingosine 1 phosphate) en 
el cuerpo de humanos y ratones. Los niveles más bajos se encuentran en los tejidos 
periféricos, los niveles intermedios en los dLN, y los más altos en la sangre (Cyster et	al. 
2012; Skon et al. 2013; Turner et	al. 2014). Este gradiente de S1P guía a los linfocitos T 
desde los tejidos hasta los dLN y desde los dLN hacia la sangre. La expresión de CD69 
en la Trm interfiere con la expresión y función de S1P1 (del inglés, sphingosine-1-
phosphate receptor 1). De esta forma bloquea la capacidad de estas células para seguir el 
gradiente de S1P, lo que contribuye a su residencia en el tejido (Turner et	al. 2014). Los 
linfocitos T CD8+CD69-/- forman menos Trm en la piel (Bromley et al. 2013) y en los 
pulmones (Watanabe et al. 2015), pero no en las placas de Peyer (Hadley et	al. 2014). 
S1P1 también parece ser importante para la regulación del desarrollo de la Trm. Los 
niveles de expresión de S1P1 son bajos como parte del programa transcripcional de la 
Trm (Iwata et al. 2004). La expresión forzada de esta molécula inhibe la formación de 
Trm (Briskin et al. 1997). La disminución en los niveles de expresión del factor de 
transcripción Klf2 (del inglés, Kruppel-like factor 2) en los precursores de Trm es muy 
relevante para el desarrollo de Trm, ya que disminuye la expresión de S1P1 (Briskin et al. 
1997).  
Aunque las señales que programan la Trm in situ son diferentes en dependencia 
del tejido, la citoquina TGF-β (del inglés, transforming growth factor-β) tiene un papel 
único en este proceso, al menos para el desarrollo de Trm CD69+CD103+ en piel, 
intestinos y pulmones (Iwata et al. 2004; Nestle et al. 2009; Piet et al. 2011; Mackay 
et al. 2015). El desarrollo de Trm mediado por TGF-β en pulmones es independiente de la 
vía de señalización SMAD4, que es el primer mediador de la vía TGF-β (Shimamura 
et	al. 1992). Dado el amplio pero regulado proceso de expresión de TGF-β en los tejidos, 
se podría especular que esta citoquina tiene un papel no redundante en el desarrollo de 
Trm. Sin embargo, se ha demostrado que la Trm CD103- se puede desarrollar de una 
manera independiente a la señalización de TGF-β en la lámina propia de los intestinos, 
después de una infección con Yersinia pseudotuberculosis (Campbell et	al. 1999) . 
Además, la citoquina IL-33 y el factor de necrosis tumoral (TNF-a del inglés, tumor 
necrosis factor a) en combinación con TGF-β pueden inducir un fenotipo asociado a la 
Trm (CD69+, CD103+) (Mackay et	al. 2001), e incluso disminuir la expresión de Klf2 en 
linfocitos T CD8+ (Briskin et al. 1997). Las señales inducidas por TGF-β también regulan 




de Trm y la expresión de CD103 (Mackay et al. 2015).  
La IL-15 que participa en el mantenimiento de la Tcm y Tem, podría ser un factor 
decisivo para la diferenciación y supervivencia de la Trm. En ausencia de IL-15 la Trm 
no permanece en la piel tras la infección con HSV (Iwata et al. 2004). Sin embargo, los 
linfocitos CD69+ en los dLN no requieren la expresión de IL-15 para su mantenimiento 
(Iwata et al. 2004), lo cual sugiere que ambas poblaciones son controladas por señales 
diferentes (Kupper et	al. 2004). 
La integrina CD103 es otro marcador de Trm, aunque se expresa más en Trm 
CD8+ que en Trm CD4+. Es un ligando de E-cadherina, una molécula de adhesión 
expresada por células epiteliales de tejidos barreras (Watanabe et al. 2015). En modelos 
de ratón las células T CD8+ específicas para HSV-1 no expresan CD103 antes de entrar a 
la piel, pero su expresión aumenta cuando entran a la epidermis en respuesta a TGF-β 
(Mackay et al. 2013). CD103 también se expresa en la Trm de pulmones, intestino, y en 
la Trm de cerebro tras una infección viral (Piet et al. 2011; Wakim et al. 2012; Laidlaw 
et al. 2014), (Sheridan et al. 2014). Se cree que la expresión de CD103 permite la 
interacción con E-cadherina. Sin embargo, la memoria residente no requiere la adhesión a 
E-cadherina. La Trm CD8+ y CD4+ se puede localizar en la dermis. Las DC CD103+ 
también se encuentran en la dermis sin haber entrado nunca en la epidermis (Nestle et al. 
2009). Aunque no se conoce completamente el papel de la expresión de CD103, se cree 
que es un marcador fenotípico de diferenciación, más que un requerimiento para la 
residencia en el tejido. En muchos modelos de ratón y en humanos, la Trm CD103+ tiene 
menor potencial proliferativo y mayor capacidad efectora y productora de citoquinas que 
la Trm CD103- (Masopust et al. 2001; Reinhardt et al. 2001; Gebhardt et al. 2009; Piet 
et al. 2011; Wakim et al. 2012; Laidlaw et al. 2014; Sheridan et al. 2014). 
5.2.3.3 Migración y supervivencia de Trm 
Aunque los linfocitos de memoria que permanecen en los tejidos no recirculan en 
el organismo, tienen la habilidad de migrar dentro de zonas limitadas de forma 
longitudinal. Por ejemplo, las células Trm CD8+ en la epidermis son capaces de migrar 
con una morfología dinámica, extendiendo las proyecciones de su membrana en varias 
direcciones (Hijnen et al. 2013; Mueller et al. 2013; Ariotti et al. 2014). Estas células 
Trm son considerablemente mucho más lentas que otras células T en la dermis de la piel. 




dLN con una migración clásica. El ambiente de la epidermis induce una forma de 
migración astringente en las células T, la cual aumenta con la disminución de la 
inflamación una vez que la Trm se ha formado (Liu et al. 2010; Ariotti et al. 2014).  
La migración lenta promueve una mayor retención de Trm en los sitios donde 
hubo infección. Además, podría aumentar su eficiencia ante una nueva infección, debido 
a que la Trm puede explorar mejor su microambiente. Sin embargo, para que la Trm 
explore los sitios cercanos y otros sitios más alejados, debe cubrir un área lo 
suficientemente grande como para detectar la replicación de los patógenos. Debido a la 
lentitud de la migración de la Trm debe existir una alta densidad de Trm para cubrir toda 
el área completamente (Hijnen et al. 2013). 
5.2.3.4 Mecanismos efectores de Trm 
La Trm que protege a los tejidos tiene la habilidad de detectar y responder con 
mayor rapidez ante una infección con un patógeno que las células T de la circulación. 
Sin embargo, la Trm está numéricamente en desventaja respecto a la replicación rápida de 
un patógeno. Además, no está totalmente demostrada la capacidad proliferativa de la Trm 
ante las diferentes infecciones (Kaech et	al. 2012). Aunque los CTL (del inglés, citotoxic 
T lymphocyte) pueden lisar directamente células dianas infectadas mediante la expresión 
de perforinas y granzimas, y las células Trm pueden expresar granzima B (Mackay et	al. 
2001; Jiang et al. 2012; Hu et al. 2015), no se conoce bien si las células Trm son capaces 
de lisar directamente con eficiencia. Se ha visto que la Trm del cerebro es capaz de lisar 
células dianas cargadas con péptidos in situ (Wei et al. 2005). Por el contrario, la Trm 
(von Andrian et	al. 2003) de pulmón protege contra el virus de la influenza a través de un 
proceso que involucra la producción de IFN-γ y otras citoquinas en ausencia de 
proliferación o función citotóxica (Purwar et al. 2011).  
Los experimentos recientes demuestran que la Trm realiza su función efectora 
utilizando mecanismos distintos a la lisis directa de la célula diana. La Trm encuentra y 
responde a los antígenos in situ y puede producir citoquinas como el IFN-γ, lo cual 
aumenta el reclutamiento de la memoria circulante desde la sangre (Borowitz et al. 
1993; Sallusto et	al. 2009). En el aparato reproductor femenino de ratones, la producción 
temprana de citoquinas de la Trm en respuesta a los antígenos induce la expresión de la 
molécula de residencia VCAM-1 (del inglés, vascular cell adhesión molecule 1) en las 




células NK, DC y células B al aparato reproductor (Hu et al. 2015). Asimismo, la 
reestimulación de la Trm induce un estado de alerta en los tejidos, que se caracteriza por 
un aumento en la expresión de muchos genes de la inmunidad innata, por ejemplo IFITM-
3 (del inglés, interferon-induced transmembrane protein 3) (Kupper et al. 2012). Debido 
a este mecanismo de alerta, la activación local de la Trm y la consiguiente cascada 
inmunológica, se eliminan casi completamente los patógenos no relacionados 
antigénicamente (Kupper et	al. 2012; Hu et al. 2015). La protección concomitante de la 
Trm es inesperada, y sugiere que estas células tienen un papel en la conexión de la 
inmunidad innata con la inmunidad adaptativa. 
5.2.3.5 Trm en tumores 
La infiltración de linfocitos T en tumores y en la zona peritumoral se asocia con 
una mejor respuesta antitumoral a largo plazo (Rao et al. 2010). Un estudio reciente 
sugiere que esa infiltración puede predecir si va a haber o no respuesta a una 
inmunoterapia con el anticuerpo anti-PD-1 (del inglés, programmed cell death protein 1) 
(Tumeh et al. 2014). La expresión de moléculas inhibidoras en el estroma tumoral como 
PD-L1, o la producción de otros factores inmunosupresores impiden la función efectora 
de la Trm específica para los antígenos tumorales (Park et	al. 2015). La expresión de 
CD103 en las células Trm de cáncer de ovario es un marcador de un buen pronóstico 
(Webb, et	al. 2014), y los mismos resultados se encontraron en pacientes con cáncer de 
pulmón (Djenidi et al. 2015).  
5.3 Plasticidad de linfocitos T 
Las poblaciones de memoria mayoritarias en los diferentes tejidos tienen 
diferencias funcionales. Sin embargo, no está claro si estas diferencias son un reflejo de 
las señales que se reciben del ambiente (linfático o no linfático), o si son dirigidas por 
señales y programas genéticos intrínsecos a las células, adquiridos durante el encuentro 
con el antígeno y dependientes de las condiciones inflamatorias previas. Para abordar el 
papel del ambiente proporcionado por el tejido en el mantenimiento de las funciones de la 
memoria, Wakim y colaboradores realizaron una serie de experimentos de transferencia 
adoptiva (Wakim et	al. 2010). Las células Trm tomadas del cerebro, transferidas al bazo 
por vía intravenosa y expuestas al antígeno, tienen una capacidad de proliferación muy 




trasplantada al cerebro mantiene un alto potencial proliferativo (Wakim et al. 2012). 
Estos datos sugieren que la diferenciación de Trm en el cerebro está ligada a un programa 
genético intrínseco, que restringe su capacidad proliferativa. En oposición a estos estudios 
en el cerebro, Masopust y colaboradores demostraron que la Trm tomada del intestino y 
transferida de nuevo al mismo organismo por vía intravenosa produce células efectoras y 
varias subpoblaciones de memoria, después del reencuentro con el antígeno (Masopust 
et al. 2006b). Estos datos por su parte, sugieren que las señales extrínsecas a la célula 
también contribuyen a las características específicas de cada subpoblación.  
Para entender mejor la influencia sobre la regulación transcripcional de la Trm, 
Wakim y colaboradores analizaron el perfil de expresión genética de Trm y lo 
compararon con las subpoblaciones convencionales de memoria (Wakim et al. 2012). Las 
células Trm del cerebro adquieren varios programas de expresión génica, previamente 
descritos para controlar la diferenciación de la memoria, como Tcf1 y Eomes (del inglés, 
eomesodermin) (Wakim et al. 2012). Del mismo modo, Skon y colaboradores 
describieron que la disminución en la expresión de Klf2 es crítica para la expresión de 
señales de retención en células CD8+ específicas, y de esta forma controlar la habilidad de 
entrar en la circulación o de mantenerse en los tejidos no linfáticos (Skon et al. 2013). 
Estos datos indican que los programas de expresión génica están acoplados a cambios 
intrínsecos en los factores de transcripción. Además, la relativa plasticidad de los 
programas es sensible a la duración de la estimulación por el TCR y a la estimulación por 
correceptores (Youngblood et	al. 2015). 
Los esfuerzos por entender la estabilidad de los programas génicos expresados en 
células de memoria se centran en factores de transcripción asociados a diferentes estados 
de diferenciación. Recientemente los estudios se enfocan en la investigación de 
modificaciones epigenéticas de histonas y DNA (del inglés, deoxyribonucleic acid), 
como mecanismos que regulan la accesibilidad a la cromatina (Youngblood et	al. 2015). 
En un modelo de infección aguda, durante la estimulación se observó una demetilación 
del promotor de PD-1 consistente con un aumento en los niveles de expresión de PD-1. 
Tras la eliminación del virus las células adquirieron progresivamente la metilación del 
promotor durante la diferenciación a memoria (Youngblood et al. 2011). Sin embargo, 
después de una exposición crónica al antígeno, las células fueron incapaces de readquirir 




5.4 Células dendríticas tipo 1 (cDC-1) 
Las DC son células presentadoras de antígenos por excelencia, que median la 
respuesta inmunitaria innata y adaptativa (Schraml et	al. 2015). Se identificaron por 
primera vez en el bazo de ratones, debido a su morfología que las distinguía de los 
macrófagos (Steinman et	al. 1973). Son células móviles, con morfología estelar, que 
expresan altos niveles de CD11c y MHC-II (Nussenzweig et al. 1981, 1982). Tienen la 
capacidad de migrar desde los tejidos no linfoides hacia los tejidos linfoides y una 
habilidad superior para estimular a los linfocitos T naive (Heath et	al. 2009; Steinman 
et	al. 2010; Idoyaga et al. 2013). No obstante, en circunstancias de inflamación o de 
infección, los monocitos y los macrófagos también pueden estimular a los linfocitos T. 
Además, las DC regulan la respuesta inmunitaria innata sin necesidad de activar linfocitos 
T o migrar a los órganos linfoides secundarios (Reis e Sousa et al. 1997; Mashayekhi 
et al. 2011; Whitney et al. 2014). Estas anormalidades dificultan una definición única de 
marcadores fenotípicos, que permita conceptualizar inequívocamente a las DC y a la vez 
distinguirlas de monocitos y macrófagos (Hume et al. 2002; Hume 2006, 2008). Los 
estudios recientes en la caracterización de los precursores de DC en ratones en paralelo 
con los estudios de ontogenia en monocitos y macrófagos (Doulatov et al. 2010; 
Hashimoto et al. 2013; Hettinger et al. 2013; Naik et al. 2013; Onai et al. 2013; Schraml 
et al. 2013; Massoud et al. 2014; Sathe et al. 2014), sugieren que las DC se generan a 
partir del progenitor común de las DC (CDP, del inglés common DC progenitor) y son 
dependientes de la citoquina FLT3-L (del inglés, Fms-like tyrosine kinase 3 ligand). 
Se pueden distinguir 4 tipos distintos de DC: las DC clásicas o convencionales 
(cDC) (Steinman et	al. 1973), las DC plasmacitoides (Cella et al. 1999; Siegal et al. 
1999), las DC derivadas de monocitos (Randolph et al. 1999; Geissmann et	al. 2003; 
Serbina et al. 2003) y las DC de Langerhans (Schuler et al. 1985). Las cDC se conocen 
por su eficiencia en la iniciación y dirección de la respuesta T (Heath et	al. 2009; 
Steinman et	al. 2010; Hashimoto et	al. 2011). En ratones, las cDC se pueden dividir en 
subpoblaciones CD11b– y CD11b+. La subpoblación cDC-1 también conocida como 
“CD8α-like” está compuesta por las DC CD8α+ CD11b– en los órganos linfoides 
secundarios, y sus homólogas CD103+CD11b– en los tejidos periféricos. Estas últimas 
migran hacia el dLN tanto en homeostasis como en condiciones inflamatorias. Todas las 




factores de transcripción Irf8 (del inglés, interferon regulatory factor 8) y Batf3. 
Además, realizan la presentación cruzada de antígenos exógenos a linfocitos T CD8+, 
particularmente aquellos antígenos asociados a células muertas (Heath et	al. 2009; 
Edelson et al. 2010; Steinman et	al. 2010; Hashimoto et	al. 2011; Miller et al. 2012). Las 
cDC-2 o CD11b+ son dependientes de Irf4. Son más heterogéneas y se componen de 
subtipos celulares dependientes de los factores de transcripción Notch2 (del inglés, 
neurogenic locus notch homolog protein 2) o Klf4, e inducen las respuestas Th17 (del 
inglés, T-helper 17) y Th2 respectivamente (Persson et al. 2013; Schlitzer et al. 2013; 
Bedoui et	al. 2015). 
5.4.1 cDC-1 dependientes de Batf3 dirigen la respuesta 
inmunitaria Th1 
La regulación transcripcional de las DC CD8α+ se ha estudiado extensivamente. 
El desarrollo de las DC CD8α+ es dependiente de los factores de transcripción Irf8, ID2, 
Nfil3 (del inglés, nuclear factor, interleukin 3 regulated), Batf3 y Bcl-6 (del inglés, B-cell 
lymphoma 6 protein) (Schiavoni et al. 2002; Hacker et al. 2003; Tamura et al. 2005; 
Hildner et al. 2008; Kashiwada et al. 2011; Watchmaker et al. 2014). La ausencia de 
Batf3 inhibe el desarrollo de DC CD8α+. Sin embargo, la interacción de Irf8 con Batf y 
Batf2 (Tussiwand et al. 2012) compensa esta deficiencia (Murphy et	al. 2013). Aunque 
las DC humanas no expresan CD8α, los estudios de expresión génica sugieren que las DC 
equivalentes son una población que expresa BDCA-3 (del inglés, blood DC antigen 3, 
también conocido como CD141), identificadas en la sangre periférica (Robbins et al. 
2008). Las DC CD141+ humanas expresan los factores de transcripción Irf8, Batf3 y 
DNGR-1. Este último receptor potencia la presentación cruzada de antígenos derivados 
de células necróticas (Sancho et al. 2009). Además, secretan IL-12 induciendo una 
polarización Th1 (Maldonado-López et al. 1999; Mashayekhi et al. 2011). 
La función específica de Batf3 en el desarrollo de DC CD8α+ no está clara. Sin 
embargo, el estudio de ratones Batf3-/- ha demostrado el papel crítico que las DC CD8α + 
realizan en la modulación de la respuesta inmunitaria. Las DC dependientes de Batf3 son 
necesarias para la inducción de una respuesta tipo 1 ante la infección con Toxoplasma 
gondii. Esto se debe a su función no redundante de ser las principales productoras de 
IL-12, que promueve la activación de NK y la producción de IFN-γ (Gazzinelli et al. 




2011). La respuesta local Th1 frente a Leishmania major también está disminuida en 
ratones Batf3-/-. Estos ratones tienen un número menor de DC CD103+ en la piel y una 
consiguiente disminución en la producción de IL-12 (Martínez-López et al. 2015). 
Asimismo, la ausencia de DC CD103+ en el pulmón y la disminución en la producción de 
IL-12 generan una respuesta Th1 deficiente, después de la exposición aguda o crónica al 
ácaro del polvo doméstico (Conejero et al. 2017). Como los animales Batf3-/- tienen una 
deficiencia en la generación de Trm en los modelos de vacunación con VACV e 
influenza, los ratones vacunados no se protegen frente a un segundo estímulo con el virus 
(Iborra et al. 2016).  
Recientemente las cDC-1 han despertado un gran interés en la inmunología 
tumoral. El papel crítico de las DC dependientes de Batf3 en la inmunidad 
antitumoral es evidente en los ratones Batf3-/-, los cuales no rechazan eficientemente los 
tumores inmunogénicos (Hildner et al. 2008). Mediante el uso de quimeras y modelos de 
deficiencia condicional en ratón, se demostró que la señalización de los IFN tipo 1 en las 
DC dependientes de Batf3 se requiere para el control inmunológico del crecimiento 
tumoral (Diamond et al. 2011; Fuertes et al. 2011). 
El tratamiento previo con IL-12 restablece la habilidad de ratones Batf3-/- para 
estimular una respuesta T CD8+ antitumoral y rechazar tumores inmunogénicos, lo cual 
se debe probablemente al restablecimiento de la función de las DC dependientes de Batf3 
(Tussiwand et al. 2012). 
Recientemente se demostró que las DC CD103+ son las únicas capaces de 
transportar antígenos tumorales al TdLN. En el TdLN estas DC estimulan y activan la 
respuesta T CD8+ específica por el tumor (Roberts et al. 2016; Salmon et al. 2016). 
Asimismo, se demostró que las DC CD103+ aparte de activar directamente células T 
CD8+, transfieren antígenos a otras células mieloides residentes en el LN con otras 
funciones. Todos los procesos anteriores son dependientes de CCR7 (Roberts et al. 
2016). 
La ventaja de las DC CD103+ para regular la respuesta antitumoral se ha utilizado 
en diferentes modelos animales de cáncer. Por ejemplo, en un modelo murino de cáncer 
de mama, el bloqueo de CSF-1 (del inglés, colony-stimulating factor-1) combinado con 
paclitaxel aumenta la fracción de DC CD103+ y la infiltración de linfocitos T en el tumor 




TLR4 (del inglés, toll like-receptor 4) en DC CD103+ residentes del pulmón promueven 
la infiltración de linfocitos T, y un aumento en la actividad antitumoral (Pfirschke et al. 
2016). Además, la citoquina FLT3-L expande la población de DC CD103+ mientras que 
la citoquina GM-CSF (del inglés, granulocyte-macrophage colony-stimulating factor) 
promueve las DC CD103- (Broz et al. 2014). La respuesta antitumoral débil e ineficiente 
de linfocitos T se puede rescatar con anticuerpos inmunomoduladores contra PD-1 
(CD279) o CD137. Las DC dependientes de Batf3 son esenciales para las terapias con 
anticuerpos monoclonales anti-CD137 o anti–PD-1. Los ratones Batf3-/- no activan la 
respuesta antitumoral mediada por CTL contra los antígenos tumorales, incluyendo los 
neoantígenos (Sanchez-Paulete et al. 2016). La administración sistémica de FLT3-L, 
seguida de una inyección intratumoral con poly (I:C) expande y activa la población de 
progenitores de DC CD103+ en el tumor, lo cual aumenta la respuesta a BRAF, el 
bloqueo de PD-L1 y protege a los ratones contra los tumores (Salmon et al. 2016). 
Un estudio reciente demostró que las DC CD103+ en los pulmones internalizan el 
material citoplasmático unido a las membranas, liberado por células tumorales en la 
vasculatura del pulmón (Headley et al. 2016). Después de la inyección con células 
tumorales que expresan OVA (del inglés, ovalbumin) se detectan DC CD103+ cargadas 
con este antígeno en los ganglios linfáticos mediastinales tres días más tarde. Las DC y 
los linfocitos T OT-I (linfocitos T CD8+ transgénicos con el TCR específico para el 
péptido SIINFEKL de OVA presentado en H2-Kb) que fueron previamente transferidos 
forman asociaciones en forma de grumos. Estos linfocitos tienen una morfología 
consistente con la de linfocitos T activados. La habilidad de las DC CD103+ para activar 
linfocitos T OT-I se confirmó ex vivo y utilizando ratones quimeras (Headley et al. 2016). 
La infiltración de linfocitos T en el tumor no ocurre siempre, y los mecanismos 
que explican este comportamiento no están completamente claros. Las DC CD103+ 
intratumorales son las mayores productoras de dos quimiocinas, CXCL9 y CXCL10, que 
promueven el reclutamiento de linfocitos T efectores reactivos contra el tumor (Spranger 
et al. 2017). Un trabajo anterior había mostrado que la activación de la vía de 
señalización  de b-catenina, una vía pro-tumoral intrínseca de melanoma, reduce el 
número de DC CD103+ y previene la activación de linfocitos T específicos para el tumor 
(Spranger et	al. 2015). En conjunto, los resultados sugieren que las DC CD103+ no 
solamente promueven la inmunidad antitumoral, sino que pueden ser suprimidas por 




5.5 Inmunoterapias con anti-PD-1 
La molécula PD-1 es una proteína de inhibición que se encuentra en la superficie 
de linfocitos B y T activados (Nishimura et al. 1998). PD-1 es miembro de la 
superfamilia de inmunoglobulinas CD28 y CTLA-4 (del inglés, cytotoxic T-lymphocyte 
antigen 4), e interacciona con dos ligandos de la familia B7, PD-L1 (CD274) y PD-L2 
(CD273) (Keir et al. 2008). PD-L1 está ampliamente distribuido entre los leucocitos y 
células no hematopoyéticas de tejidos linfoides y no linfoides como las células y el 
estroma tumoral. PD-L2 se expresa exclusivamente en las DC y monocitos (Ishida et al. 
2002; Yamazaki et al. 2002). En las infecciones crónicas, por ejemplo con HIV (del 
inglés, human immunodeficiency virus), hepatitis B y C en humanos y con LCMV (del 
inglés, lymphocytic choriomeningitis virus) clon 13 en ratones, la exposición prolongada 
al antígeno altera la función y expresión de genes de linfocitos T CD8+ (Virgin et	al. 
2009; Wherry et	al. 2011). Estos cambios se conocen como agotamiento (exhaustion) de 
las células T, porque las células específicas para el antígeno muestran una pérdida 
jerárquica en la producción de IL-2, TNF-a, e IFN-g, menor proliferación, y hasta pérdida 
de citotoxicidad (Virgin et	al. 2009; Wherry et	al. 2011). Esos cambios funcionales se 
han asociado con la expresión de receptores de inhibición como PD-1, LAG-3 (del inglés, 
lymphocyte-activation gene 3), CD244 y CD160 (Wherry et	al. 2011). 
No fue hasta el 2000, cuando se estableció la función de PD-1 como punto de 
control (checkpoint) de la respuesta inmunitaria, después del descubrimiento de sus 
ligandos (Freeman et al. 2000). PD-L1 protege a las células tumorales mediante la 
inducción de apoptosis en células T (Dong et al. 2002). Los ensayos clínicos en fase I con 
un anticuerpo monoclonal contra PD-1 demostraron respuesta clínica en muchos tipos de 
tumores: melanoma, carcinoma de riñón, cáncer de células no pequeñas de pulmón 
(Brahmer et al. 2012) y linfoma de Hodgkin (Ansell et al. 2015). Un estudio clínico en 
fase III, donde se trataron pacientes con melanoma metastásico con un anticuerpo 
diferente contra PD-1 (nivolumab, Bristol-Myers Squibb, BMS) también demostró 
mejores respuestas clínicas y un beneficio de supervivencia global, si se compara con 
otros tratamiento de quimioterapia (Robert et al. 2014). 
Muchas teorías tratan de explicar los mecanismos mediante los cuales PD-1 inhibe 
la activación de células T. Una posibilidad es que PD-1 compita pasivamente con CD28 




fosfatasas SHP-1 y SHP-2 que interfieren con la señalización por el TCR (Yokosuka 
et al. 2012). Las moléculas de PD-1 que se expresan en células T efectoras forman 
microagrupaciones con el TCR y se acumulan por la señalización de s-SMAC. SHP-2 se 
recluta inmediatamente asociándose con PD-1 mediante los motivos ITSM, e induce la 
desfosforilación de las moléculas de señalización del TCR dentro de las 
microagrupaciones PD-1-TCR (Yokosuka et al. 2012). Por otra parte, la unión del TCR 
con las DC resulta en señales de parada que disminuyen la movilidad de las células T, 
requerida para la interacción T-DC y el desarrollo de la sinapsis inmunológica (Dustin 
et al. 1997; Mempel et	al. 2004). PD-1 inhibe las señales de parada inducidas por el TCR. 
El bloqueo de PD-1 o PD-L1 inhibe la unión prolongada durante la sinapsis entre 
linfocitos T y DC, aumenta la producción de citoquinas de células T, estimula la 
señalización por el TCR y elimina la tolerancia periférica en un modelo autoinmune de 














El objetivo general de este trabajo es analizar la interrelación de las subpoblaciones de 
linfocitos T CD8+ de memoria residente y circulante en la inmunidad antitumoral.  
 
Los objetivos específicos son: 
 
1. Estudiar la contribución relativa de la memoria T CD8+ residente y circulante en 
la respuesta antitumoral. 
 
2. Analizar la plasticidad de la memoria T CD8+ circulante en procesos 
inflamatorios. 
 
3. Evaluar el papel de las células dendríticas tipo 1 en la respuesta antitumoral de los 
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7. Materiales y métodos 
7.1 Ratones 
Los ratones se cruzaron y se mantuvieron en la zona SPF (del inglés, specific 
pathogen free) del animalario de la Fundación-Centro Nacional de Investigaciones 
Cardiovasculares Carlos III de Madrid. Los ratones Batf3-/- con el fondo genético 
C57BL/6 se donaron amablemente por el Dr. K. M. Murphy (Washington University, St. 
Louis, MO) (Hildner et al. 2008). Los ratones transgénicos OT-I (C57BL/6-Tg 
(TcraTcrb)1100Mjb/J) se cruzaron con los ratones B6-SJL (Ptprca Pepcb/BoyJ) que 
expresan el alelo CD45.1 para la molécula CD45, ambos provenientes de los laboratorios 
“The Jackson Laboratory” (Bar Harbor, ME). Se utilizaron ratones machos o hembras 
indistintamente, entre 7 y 10 semanas de edad, para todos los ensayos. El comité de ética 
local aprobó todos los estudios con animales. Todos los procedimientos se realizaron 
teniendo en cuenta las directivas de la Unión Europea 2010/63EU, la ley 2007/526/EC de 
protección de animales que se usan para experimentación y con otros fines científicos y el 
Real Decreto español 1201/2005.  
7.2 Inmunización con rVACV-OVA  
El virus recombinante vaccinia que expresa ovoalbúmina (rVACV-OVA) fue 
donado por J. Y. Yewdell y J. R. Bennink (NIH, Bethesda, MD) y amablemente 
proporcionado por M. del Val (CBMSO, Madrid). El crecimiento y la titulación de los 
lotes virales de trabajo se realizaron en la línea celular CV1 (Iborra et al. 2012). A no ser 
que se indique lo contrario, los ratones fueron inmunizados con rVACV-OVA mediante 
las siguientes vías: escarificación de la piel (s.s. del inglés, skin scarification) en la base 
de la cola (1-2×106 p.f.u.) o en la espalda (106 p.f.u.), intradérmica (i.d.) en la oreja 
(5×104 o 106 p.f.u.), intranasal (i.n.) (5x104 p.f.u.) o intraperitoneal (i.p.) (5×104 o 1-
2×106 p.f.u.). Las células T, se consideraron de memoria 30 días después de la infección 
(Jiang et al. 2012).  
7.3 Inoculación de tumores 
Las líneas celulares de melanoma que expresa ovoalbúmina (B16-OVA) 
(Sanchez-Paulete et al. 2016) y de adenocarcinoma que expresa ovoalbúmina (MC38-
OVA) (Sanchez-Paulete et al. 2016) se inocularon a partir de cultivos celulares en fase 
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exponencial. El tumor B16-OVA se inoculó (i.d.) en un flanco (106 células) y el 
seguimiento del tumor se realizó durante 20-30 días. Alternativamente, el tumor B16-
OVA (3×105 células) se inoculó intravenoso (i.v.) y los ratones se sacrificaron 20 días 
después para contar el número de nódulos metastásicos en el pulmón. Los pulmones se 
fijaron en solución de Fekete (100 ml de etanol al 70%, 10 ml de formaldehido al 4% y 5 
ml de ácido acético glaciar al 100%). El tumor MC38-OVA (2×106 células) se inoculó 
subcutáneo (s.c.) en un flanco y el seguimiento del tumor se realizó durante 20-60 días. El 
volumen del tumor se estimó mediante la fórmula: V=D×d2/2, donde V es el volumen 
(mm3), D es el diámetro mayor (mm) y d es el diámetro menor (mm). Todas las líneas 
celulares se evaluaron para el contenido de micoplasma rutinariamente.  
7.4 Otros reactivos 
FTY720 (Cayman Chemical) en solución acuosa se administró (i.p.) cada 4 días a 
una dosis de 2.5 mg/kg de peso.  
7.5 Generación de linfocitos de memoria central 
Para la generación de linfocitos T OT-I de memoria central (Tcm), los ratones se 
transfirieron (i.v.) con linfocitos OT-I naive (1-3×105) un día antes de la inmunización 
(i.d.) con rVACV-OVA (5×104 p.f.u.) en la oreja. Los linfocitos Tcm se purificaron 
mediante un clasificador de células activadas por fluorescencia (FACS Sy3200, Sony), a 
partir de las suspensiones celulares de dLN y bazos 30 días después de la infección. Los 
linfocitos CD8+CD45.1+ se clasificaron en linfocitos naive (CD44loCD62Lhi), linfocitos 
Tcm (CD44hiCD62Lhi) y linfocitos de memoria efectora (CD44hiCD62Llo). 
7.6 Plasticidad de linfocitos Tcm en un modelo viral 
Los ratones se transfirieron (i.v.) con 104 linfocitos OT-I naive o 1-2×104 
linfocitos OT-I Tcm, un día antes de la inmunización (i.d.) con rVACV-OVA (5×104 
p.f.u.) en la oreja. La respuesta de memoria se analizó en las orejas y en los órganos 
linfoides secundarios de interés según el experimento, 30 o 60 días después de la 
infección. Se utilizaron CD69 y CD103, como marcadores fenotípicos de los linfocitos 
residentes (Trm).  
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7.7 Plasticidad de linfocitos Tcm en un modelo de 
tumores 
Los ratones se transfirieron (i.v.) con 2x104 linfocitos OT-I Tcm un día antes de la 
inoculación (i.d.) del tumor B16-OVA (106 células) o 3x103 o 2x104 linfocitos OT-I Tcm 
un día antes de la inoculación (s.c.) del tumor MC38-OVA (2x106 células). Se analizaron 
los linfocitos que infiltraron el tumor B16-OVA, 20-23 días después de la inoculación del 
tumor. Asimismo, se analizaron los linfocitos que permanecieron en la piel de los 
animales que rechazaron el tumor MC38-OVA, 20 o 45 días después de la inoculación 
del tumor.  
Los ratones con tumores palpables de entre 100-150 mm2 (día 7, para el B16-
OVA; día 15-18, para MC38-OVA) se transfirieron con 1-2x104 linfocitos OT-I Tcm. A 
continuación, los ratones recibieron (i.p.) dos dosis del anticuerpo anti-PD-1 (100 µg, 
Clon RMP1-14, BioXcell). La primera dosis se inoculó simultáneamente a la 
transferencia adoptiva y la segunda dosis tres días después. A continuación, se analizaron 
los marcadores fenotípicos de los linfocitos Trm, CD69 y CD103, 7 días después de la 
transferencia adoptiva.  
7.8 Parabiosis  
La parabiosis es el procedimiento experimental por el cual 2 organismos se 
conectan quirúrgicamente para permitir la anastomosis y compartición del sistema 
circulatorio. La parabiosis se realizó como se describió previamente (Jiang et al. 2012). 
Brevemente, se rasuró el dorso lateral de los animales y se hicieron incisiones en la piel 
desde el olecranon hasta la articulación de la rodilla de cada ratón. Se retiró la fascia 
subcutánea para crear una superficie de aproximadamente 0,5 cm de piel libre. El 
olecranon y la articulación de la rodilla se cosieron con una sutura de polipropileno 
(calibre 5.0). La piel dorsal y ventral se cosieron con puntos continuos con sutura de seda 
(calibre 7.0). Los parabiontes recibieron una dosis única de flunixina-meglumina como 
antiinflamatorio (1 mg/kg, subcutáneo) y se dejaron recuperar en cabina a una 
temperatura y pO2 controlados tras la operación. Un mes después de la cirugía, se 
extrajeron muestras de sangre y otros tejidos de cada pareja para el análisis de los niveles 
de linfocitos T de memoria. 
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7.8.1 Parabiosis en el modelo tumoral 
Los ratones WT se inmunizaron (s.s.) con rVACV-OVA (106 p.f.u.) en la cola, la 
espalda y la oreja (i.d.) simultáneamente. Posteriormente (30 días después), los ratones 
inmunizados se unieron quirúrgicamente con ratones sin inmunizar para crear los 
parabiontes. A continuación (30 días después), los ratones se separaron y se mantuvieron 
en recuperación durante 30 días. Finalmente, los parabiontes individualizados se 
inocularon (i.d.) con B16-OVA (106 células). 
7.8.2 Parabiosis en el modelo de plasticidad en un contexto 
viral 
Los ratones WT se transfirieron (i.v.) con 2x104 linfocitos OT-I Tcm un día antes 
de la inmunización (i.d.) con rVACV-OVA (5x104 p.f.u.) en la oreja. Los ratones 
transferidos e inmunizados se unieron quirúrgicamente 30 días después con ratones sin 
inmunizar para crear los parabiontes. Se mantuvieron unidos durante otros 30 días. 
Finalmente, se analizaron los infiltrados de la oreja y el bazo de ambos parabiontes 
mediante citometría de flujo, y se utilizaron los marcadores fenotípicos asociados a Trm, 
CD69 y CD103. 
7.9 Citometría de flujo 
Los dextrámeros marcados con aloficocianina específicos para OVA H-2Kb (257-
SIINFEKL-264) se obtuvieron de Immudex (Copenhagen, Denmark). Las muestras se 
tiñeron en una solución tampón de PBS frío suplementada con 2 mM EDTA y 1% FBS, 
con la mezcla de anticuerpos deseada durante 15-20 minutos en hielo. Los anticuerpos 
anti-ratón CD45 (clon 30F11), CD8α (clon 53-6.7), CD103 (clon 2E7), CD44 (clon IM7), 
CD45.1 (clon A20) y CD45.2 (clon 104) se obtuvieron de eBioscience. Los anticuerpos 
anti-ratón CD62L (clon MEL-14) y CD69 (clon H1.2F3) se obtuvieron de BD 
Biosciences. El anticuerpo anti-ratón CD279 (PD-1, clon 29F.1A12) se obtuvo de 
Biolegend. Las células se analizaron en los citómetros de flujo, LSRFortessa SORP 
(Becton Dickinson) o Spectral Cell Analyzer SP6800 (Sony) y los datos se procesaron 
mediante el programa FlowJo, versión 10 (Tree Star). 
Materiales y métodos 
	
	 51	
7.10 Análisis estadístico 
El análisis estadístico se realizó con el programa Prism v6 (GraphPad Software 
Inc., La Jolla, CA). La varianza entre los grupos se determinó mediante el test estadístico 
F. La significación estadística para la comparación entre dos grupos con una distribución 
normal (evaluada mediante un test estadístico de Shapiro-Wilk), se determinó mediante el 
test estadístico de la t de Student, con dos colas y sin parear. La comparación entre dos 
grupos sin una distribución normal, se realizó mediante el test estadístico no paramétrico 
de Mann-Whitney, con dos colas. Las comparaciones entre más de dos grupos se 
realizaron mediante el test estadístico one-way o two-way ANOVA, aplicando una 
corrección de Bonferroni a posteriori. Para la Figura R6d, se utilizó un modelo de 
regresión de Cox de efectos mixtos para comparar la incidencia del tumor entre los dos 
grupos, manteniendo la información de cada uno de los grupos por separado. Se utilizó la 
función coxme del paquete R, para la cohorte entre el día 0 y el día 17, donde el 50% de 
los ratones de ambos grupos de parabiontes tenían tumores palpables. El p-valor <0.05 se 
consideró significativo. Los experimentos se repitieron entre 2 y 3 veces. No se utilizaron 















8.1 Tanto la memoria T CD8+ residente como 
circulante promueven la inmunidad antitumoral 
Se estudió el papel de los linfocitos T CD8+ de memoria residente (Trm) y 
circulante durante la respuesta inmunitaria contra tumores. Para ello, se generaron 
selectivamente diferentes tipos de linfocitos T de memoria, mediante diferentes vías de 
inmunización con el virus recombinante vaccinia que expresa ovoalbúmina (rVACV-
OVA). Los linfocitos de memoria circulante y Trm se analizaron 30 días después de la 
infección.  
La frecuencia de linfocitos T CD8+CD44+ (memoria T circulante) endógenos, 
específicos para OVA en los dLN fue igual, independientemente de la vía de 
inmunización, con una media aritmética alrededor del 0.4% (Figura R1a-b).  
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Figura R1. Generación de memoria T CD8+ circulante mediante diferentes vías de infección con 
rVACV-OVA 
(a) Gráficos de puntos representativos del análisis por citometría de flujo, que muestran linfocitos T CD8+ 
de memoria, endógenos, circulantes y específicos para OVA, en dLN de ratones 30 días después de la 
infección i.p. (5×104 p.f.u.), s.s. (2×106 p.f.u.) o i.n. (5×104 p.f.u.) con rVACV-OVA. (b) Frecuencia de 
linfocitos T CD8+ de memoria, endógenos, circulantes y específicos para OVA en dLN. Combinación de 
dos experimentos independientes, donde cada punto es un ratón. Se representa la media ± s.e.m (n=4-
5/grupo). NS, no significativo; ***, p<0.001; mediante el test estadístico one-way ANOVA, aplicando un 
test de Bonferroni a posteriori. 
La inmunización intraperitoneal (i.p.) con rVACV-OVA no generó eficientemente 
linfocitos Trm CD8+CD69+ en la piel. Sin embargo, la inmunización (s.s.) en la cola 
generó linfocitos Trm en el propio sitio de la infección (piel de la cola) y en menor 
































































































































































































































Figura R2. Generación de memoria T CD8+ residente en piel mediante escarificación de la cola con 
rVACV-OVA 
(a, c) Gráficos de puntos representativos del análisis por citometría de flujo, que muestran linfocitos T 
CD8+ de memoria residente (Trm) CD69+, endógenos y específicos para OVA (paneles inferiores), 
seleccionados previamente en la población CD45+CD8+ (paneles superiores), en la cola (a) y en la oreja (c), 
30 días después de la s.s. en la cola. (b, d) Frecuencia (panel izquierdo) y número (panel derecho) de 
linfocitos Trm específicos para OVA en la cola (b) y en la oreja (d) 30 días después de la s.s. en la cola. (b, 
d) Combinación de dos experimentos independientes, donde cada punto es un ratón. Se representa la media 
± s.e.m (n=4-5/grupo). NS, no significativo; ***, p<0.001; **, p<0.01; *, p<0.05; mediante el test 
estadístico one-way ANOVA, aplicando un test de Bonferroni a posteriori. 
Asimismo, la inmunización intranasal (i.n.) generó linfocitos Trm en pulmón, 
















































































































Figura R3. Generación de memoria T CD8+ residente en pulmón mediante infección intranasal con 
rVACV-OVA 
(a) Gráficos de puntos representativos del análisis por citometría de flujo, que muestran linfocitos de 
memoria residente (Trm) CD69+, endógenos y específicos para OVA (paneles inferiores), seleccionados 
previamente en la población CD45+CD8+ (paneles superiores) en el pulmón, 30 días después de la infección 
intranasal. (b) Frecuencia (panel izquierdo) y número (panel derecho) de linfocitos Trm específicos para 
OVA en el pulmón, 30 días después de la infección i.p. e i.n. con rVACV-OVA. (b) Combinación de dos 
experimentos independientes, donde cada punto es un ratón. Se representa la media ± s.e.m (n=4-5/grupo). 
NS, no significativo; ***, p<0.001; mediante el test estadístico one-way ANOVA, aplicando un test de 
Bonferroni a posteriori. 
A continuación, se estudió la contribución de linfocitos T CD8+ de memoria 
circulante en el control del crecimiento tumoral. Los ratones se inmunizaron (i.p.) con  
rVACV-OVA, y 30 días después de la generación del repertorio de linfocitos de memoria 
circulante (Jiang et al. 2012) se inocularon con B16-OVA. Se utilizó un antagonista del 
receptor de la molécula S1P, conocido como FTY720, para inhibir la salida de linfocitos 
T desde los órganos linfoides secundarios a la sangre o a la linfa (Jiang et al. 2012) 
(Figura R4a). Así, se logró limitar la contribución de los linfocitos T de memoria 
circulante a la respuesta antitumoral.  
La administración de FTY720 30 días después de la inmunización i.p. con 
rVACV-OVA redujo significativamente el número de linfocitos T de memoria circulantes 
en sangre, específicos para OVA, al mismo nivel que en ratones sin inmunizar (Figura 
R4b-c). Los linfocitos T de memoria circulante generados por la inmunización i.p. con 
rVACV-OVA fueron suficientes para retrasar el crecimiento del melanoma B16-OVA. El 
retraso del crecimiento tumoral se eliminó mediante la administración de FTY720 antes 
de la inoculación del tumor y durante su crecimiento (Figura R4d). Estos datos sugieren 
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Figura R4. Los linfocitos T CD8+ de memoria circulante son suficientes para retrasar el crecimiento 
tumoral 
(a) Esquema de administración de FTY720. Los ratones se inmunizaron (i.p.) con rVACV-OVA. A día 30 y 
posteriormente cada 4 días, los ratones recibieron (i.p.) 50 µg de FTY720. A día 32, los ratones se 
inocularon (i.d.) con B16-OVA (106 células) en un flanco. (b) Gráficos de puntos representativos del 
análisis por citometría de flujo, que muestran linfocitos T CD8+ de memoria, circulantes en sangre (panel 
superior), específicos para OVA (panel inferior), tras la primera dosis de FTY720 y previamente a la 
inoculación del tumor. (c) Número de linfocitos T CD8+CD44+KbOVA+ de memoria circulante en sangre. 
(d) Curvas de crecimiento del tumor B16-OVA, representadas como el volumen del tumor (mm3) en el 
tiempo (días). (c-d) Combinación de dos experimentos independientes, donde cada punto es un ratón y se 
representa la media ± s.e.m. (c) o la media aritmética del volumen de los tumores ± s.e.m. (d), (n=5-6/grupo 
sin inmunizar y 7-8/grupo inmunizado). NS, no significativo, ***, p<0.001; mediante el test estadístico 





Simultáneamente, se evaluó la contribución de la Trm en el control inmunológico 
del crecimiento tumoral (Figura R5a).  
Día 30 32 34 38 42 46
rVACV-OVA 
























































17 células 89 células 24 células























































Figura R5. La memoria T CD8+ residente es suficiente para retrasar el crecimiento tumoral 
(a) Esquema de administración de FTY720. Los ratones se inmunizaron (s.s.) simultáneamente en la cola y 
en la espalda con rVACV-OVA. A día 30 y posteriormente cada 4 días, los ratones recibieron (i.p.) 50 µg 
de FTY720. A día 32, los ratones se inocularon (i.d.) con B16-OVA (106 células) en un flanco. (b) Gráficos 
de puntos representativos del análisis por citometría de flujo, que muestran linfocitos T CD8+ circulantes en 
sangre (panel superior), específicos para OVA (panel inferior), tras la primera dosis de FTY720 y 
previamente a la inoculación del tumor. (c) Número de linfocitos T CD8+CD44+KbOVA+ de memoria 
circulante en sangre. (d) Curvas de crecimiento del tumor B16-OVA, representadas como el volumen del 
tumor (mm3) en el tiempo (días). (c-d) Combinación de dos experimentos independientes, donde cada punto 
es un ratón y se representa la media ± s.e.m. (c) o la media aritmética del volumen de los tumores ± s.e.m. 
(d) (n=5-6/grupo sin inmunizar y 7-8/grupo inmunizado). NS, no significativo, ***, p<0.001; mediante el 
test estadístico one-way ANOVA (c), y el test estadístico two-way ANOVA (d) aplicando un test de 




La inmunización (s.s.) con rVACV-OVA generó tanto memoria circulante como 
Trm (Figura R1 y R2).  
En ratones que recibieron FTY720 30 días después de la inmunización (s.s.) con 
rVACV-OVA disminuyó el número de linfocitos T de memoria circulantes en sangre, 
específicos para OVA, al mismo nivel que en ratones sin inmunizar (Figura R5b-c). En 
ratones inmunizados y tratados con FTY720 se limitó el efecto de la memoria circulante, 
pero no el de la memoria residente. En este grupo se retrasó el crecimiento tumoral al 
mismo nivel que en los ratones inmunizados y que no fueron tratados con el inhibidor 
(Figura R5d). Este resultado sugiere que los linfocitos Trm son suficientes para el 
rechazo del tumor.  
En conjunto, los resultados indican que ambos tipos de memoria T CD8+ 
(circulante y residente) son suficientes para retrasar el crecimiento del melanoma B16-
OVA. 
8.2 La memoria T CD8+ residente en presencia de la 
memoria T CD8+ circulante mejora la respuesta 
inmunitaria contra el tumor  
Para estudiar la colaboración entre los linfocitos T CD8+ de memoria residente y 
circulante durante el control del crecimiento tumoral, se utilizó una estrategia de 
parabiosis. 
Los ratones en parabiosis compartieron la memoria T CD8+ circulante, pero 
solamente los ratones inmunizados tenían Trm (Figura R6a). Brevemente, los ratones se 
inmunizaron con rVACV-OVA y 30 días después se unieron quirúrgicamente con ratones 
sin inmunizar. La memoria T CD8+ circulante recirculó durante 30 días hasta lograr un 
equilibrio entre ambos parabiontes (Figura R6b-c). A continuación, los parabiontes se 
separaron y se mantuvieron en recuperación durante otros 30 días. Finalmente, los 
parabiontes individualizados se inocularon con B16-OVA.  
Tanto los parabiontes inmunizados como los parabiontes sin inmunizar se 
protegieron significativamente del tumor, respecto a los ratones control (Figura R6d-e). 
Sin embargo, la incidencia de tumores en parabiontes no inmunizados que contenían 
linfocitos de memoria T CD8+ circulante fue mayor que en parabiontes inmunizados 































































































































































Días post-inoculación del tumor  
Figura R6. La inducción de memoria T residente aumenta la inmunidad antitumoral 
(a) Esquema de la estrategia de parabiosis. Los ratones se inmunizaron simultáneamente en la cola (s.s.), la 
espalda (s.s.) y la oreja (i.d.) con rVACV-OVA. Posteriormente (30 días), los ratones inmunizados se 
unieron quirúrgicamente con ratones sin inmunizar. A continuación (30 días), los parabiontes se separaron y 
se mantuvieron en recuperación durante otros 30 días. Finalmente, los ratones individualizados se 
inocularon (i.d.) con B16-OVA (106 células) en un flanco. (b) Gráficos de puntos representativos del 
análisis por citometría de flujo, que muestran linfocitos T CD8+CD44+KbOVA+ de memoria, circulantes en 
sangre, previamente a la inoculación del tumor. (c) Frecuencia (panel izquierdo) y número (panel derecho) 
de linfocitos T CD8+CD44+KbOVA+ de memoria, circulantes en sangre, a tiempo anterior a la inoculación 
del tumor. (d) Incidencia del tumor, representada como la detección de tumores por primera vez (%) en el 
tiempo (días). La línea discontinua indica el 50% de ratones con tumores detectables. (e) Curvas de 
crecimiento del tumor B16-OVA, representada como el volumen del tumor (mm3) en el tiempo (días). (c-e) 
Combinación de dos experimentos independientes, donde cada punto es un ratón y se representa como la 
media ± s.e.m. (c), como frecuencia (d) y como la media aritmética del volumen de los tumores ± s.e.m. (e), 
(n=5-6/grupo control y 8-9/grupo vacunado). NS, no significativo, ***, p<0.001; **, p<0.01; mediante el 
test estadístico de la t de Student con dos colas y sin parear (c), el test estadístico de regresión de Cox de 




Los resultados sugieren que los linfocitos Trm en presencia de linfocitos T CD8+ 
de memoria circulante mejoran la respuesta antitumoral, si se compara con un escenario 
en el que solo participan linfocitos T CD8+ de memoria circulante. 
8.3 Los linfocitos T CD8+ de memoria central generan 
memoria residente en un contexto viral 
Tras la inmunización en piel con rVACV-OVA los linfocitos T OT-I naive 
(CD44loCD62Lhi) se convierten tanto en memoria circulante como en Trm de piel (Gaide 
et al. 2015). Se estudió la plasticidad de linfocitos T CD8+ de memoria circulante para 
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Figura R7. Los linfocitos T CD8+ de memoria central se convierten en memoria residente después de 
una infección viral 
(a) Esquema para la evaluación de la plasticidad de linfocitos T CD8+ de memoria central (Tcm). Para la 
generación de linfocitos CD8+ Tcm, los ratones se transfirieron con linfocitos T OT-I naive CD45.1+ (1-
3×105 células) y se inmunizaron (i.d.) con rVACV-OVA (5×104 p.f.u.) en la oreja. Después de 30 días, los 
linfocitos CD8+ Tcm se purificaron. Nuevos ratones se transfirieron con linfocitos T OT-I CD45.1+ naive o 
Tcm, un día antes de la inmunización (i.d) con rVACV-OVA en la oreja. (b) Gráficos de puntos 
representativos del análisis por citometría de flujo, que muestran linfocitos OT-I seleccionados previamente 
en la población CD45+ de la oreja. (c) Frecuencia (panel izquierdo) y número (panel derecho) de linfocitos 
OT-I CD8+CD69+ (Trm, residentes) en la oreja. (d) Gráfico de puntos representativo del análisis por 
citometría de flujo, donde se muestra la expresión de los marcadores fenotípicos Trm, en linfocitos OT-I 30 
d.p.i. (e) Frecuencia de expresión de los marcadores fenotípicos de Trm (CD69 y CD103), en linfocitos OT-
I de la oreja 30 d.p.i. (c, e) Combinación de dos experimentos independientes, representados como la media 
aritmética ± s.e.m. (c) y como ratones individuales mostrando la media aritmética ± s.e.m. (e), (n=5-
6/grupo). ***, p<0.001; **, p<0.01; *, p<0.05; mediante el test estadístico de la t de Student con dos colas y 




Para ello, los ratones se transfirieron con linfocitos T OT-I y se inmunizaron con 
rVACV-OVA. Después de 30 días se purificaron linfocitos T OT-I de memoria central 
(OT-I Tcm, CD44hi CD62Lhi). Se utilizaron linfocitos T OT-I naive como control positivo 
de plasticidad. Se evaluó la generación de linfocitos Trm, 30 o 60 días después de la 
transferencia de ambos tipos celulares ( OT-I naive y OT-I Tcm) y la inmunización en la 
oreja con rVACV-OVA (Figura R7a).  
Los linfocitos Tcm generaron Trm en piel, 30 o 60 días después de la infección 
viral, aunque con menor eficiencia que los linfocitos T OT-I naive (Figura R7b-c). Más 
del 90% de los linfocitos T OT-I en la oreja derivados de linfocitos OT-I Tcm 
transferidos expresaron CD69 establemente, y el 50% de ellos expresó simultáneamente 
CD103 (Figura R7d-e), lo cual es consistente con resultados previos (Jiang et al. 2012; 
Gaide et al. 2015). 
Para demostrar funcionalmente que los linfocitos T OT-I Trm derivados de 
linfocitos OT-I Tcm transferidos eran verdaderos linfocitos Trm, se evaluó su capacidad 
de migración por sangre o linfa una vez se establecieron en la piel de los ratones, 
mediante una estrategia de parabiosis (Figura R8a).  
Los ratones se transfirieron con OT-I Tcm un día antes de la inmunización con 
rVACV-OVA. Después de 30 días, ratones transferidos e inmunizados se unieron 
quirúrgicamente con ratones sin inmunizar para crear parabiontes. A continuación, los 
ratones compartieron la memoria circulante durante 30 días (Figura R8a). Se analizaron 
los linfocitos T OT-I de memoria circulante en bazo y linfocitos T OT-I Trm en la oreja 
de ratones inmunizados y sin inmunizar. 
Mientras en ambos parabiontes, inmunizados y sin inmunizar, los bazos 
presentaban la misma frecuencia y número de linfocitos T OT-I de memoria circulante 
(Figura R8b), solamente las orejas de parabiontes inmunizados tenían linfocitos Trm 
CD69+CD103+ (Figura R8c-d). Los resultados demuestran que las Trm derivadas de las 
Tcm son incapaces de migrar a través de la sangre o la linfa. 
8.4 La memoria T CD8+ central genera memoria 
residente después de la inoculación de un tumor 
Para analizar si las Tcm se convierten en Trm después de la inoculación de un 




OVA (Figura R9a). Se analizaron los linfocitos infiltrados en el tumor 20 días después. 
















































































































































Figura R8. Los linfocitos T de memoria residente provenientes de memoria central no migran 
después de haberse establecido 
(a) Esquema de evaluación de la residencia de linfocitos T mediante parabiosis. Para la generación de 
linfocitos T CD8+ de memoria central (Tcm), los ratones se transfirieron con linfocitos T OT-I CD45.1+ (1-
3×105 células) y se inmunizaron (i.d.) con rVACV-OVA (5×104 p.f.u.) en la oreja. Después de 30 días, los 
linfocitos CD8+ Tcm se purificaron y se transfirieron. Nuevos ratones se transfirieron (i.v) con linfocitos 
OT-I CD45.1+ Tcm y se inmunizaron (i.d.) con el virus rVACV-OVA en una oreja. Posteriormente (30 
días), los ratones transferidos e inmunizados se unieron quirúrgicamente con ratones sin inmunizar. A 
continuación (30 días), se analizaron las orejas de los parabiontes mediante citometría de flujo para la 
detección de linfocitos Trm. (b) Frecuencia (panel superior) y número (panel inferior) de linfocitos T 
CD8+CD44+KbOVA+ circulantes en el bazo de los parabiontes, 30 días después de la cirugía. (c) Gráficos 
de puntos representativos del análisis por citometría de flujo, que muestran linfocitos OT-I seleccionados 
dentro de la población CD45+ en la oreja (panel izquierdo superior, parabionte inmunizado; panel izquierdo 
inferior, parabionte sin inmunizar), donde se evalúa la expresión de marcadores fenotípicos de linfocitos 
Trm (panel derecho, parabionte inmunizado). (d) Frecuencia (panel izquierdo) y número (panel derecho) de 
linfocitos T CD8+CD69+ en las orejas de los parabiontes indicados. (b, d) Combinación de dos 
experimentos independientes, donde cada punto es un ratón y se representa como la media aritmética ± 
s.e.m. (n=5-6/grupo). NS, no significativo, ***, p<0.001; mediante el test estadístico de la t de Student con 




expresaron marcadores fenotípicos de Trm. Más del 90% de los OT-I expresaron CD69 


































































































































Figura R9. Los linfocitos T CD8+ de memoria central expresan marcadores fenotípicos de linfocitos T 
CD8+ de memoria residente cuando infiltran un melanoma B16 
(a) Esquema para la evaluación de la plasticidad de la memoria T CD8+ central (Tcm). Para generar Tcm 
los ratones se transfirieron con linfocitos T OT-I CD45.1+ (1-3×105 células) y se inmunizaron (i.d.) con 
rVACV-OVA (5×104 p.f.u.) en la oreja. Después de 30 días la Tcm se purificó. Nuevos ratones se 
transfirieron con linfocitos OT-I CD45.1+ Tcm, un día antes de la inoculación (i.d.) con B16-OVA en un 
flanco. (b) Gráficos de puntos representativos del análisis por citometría de flujo de linfocitos OT-I que 
infiltraron el tumor B16-OVA (panel izquierdo), donde se muestra la expresión de marcadores fenotípicos 
de Trm (panel superior derecho), en ratones que desarrollaron tumor durante 23 días. (c) Frecuencia de 
expresión de los marcadores fenotípicos de Trm, en linfocitos OT-I que infiltraron el tumor B16-OVA 23 
días después de la inoculación. (d) Frecuencia (panel izquierdo) y número (panel derecho) de linfocitos OT-
I, donde se indican los marcadores fenotípicos de Trm, en suspensiones celulares de melanoma B16-OVA 
de ratones que han desarrollado tumor durante 23 días. (c, d) Combinación de tres experimentos 





Para descartar que el proceso anterior fuera dependiente de una sola línea tumoral, 
se utilizó la línea de adenocarcinoma MC38-OVA como alternativa (Figura R10a).  
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Figura R10. Los linfocitos T CD8+ de memoria central permanecen en la piel como verdadera 
memoria residente, en ratones que rechazan el tumor MC38 
(a) Esquema de evaluación de la plasticidad de linfocitos T CD8+ de memoria central (Tcm). Para la 
generación de linfocitos CD8+ Tcm los ratones se transfirieron con linfocitos T OT-I naive CD45.1+ (1-
3×105 células) y se inmunizaron (i.d.) con rVACV-OVA (5×104 p.f.u.) en la oreja. Después de 30 días, los 
linfocitos CD8+ Tcm se purificaron. Nuevos ratones se transfirieron (i.v.) con linfocitos OT-I CD45.1+ 
Tcm, un día antes de la inoculación (s.c.) del tumor MC38-OVA en un flanco. (b) Curvas individuales de 
crecimiento del tumor MC38-OVA, representadas como el volumen del tumor (mm3) en el tiempo (días), 
en ratones control (panel izquierdo) y en ratones tratados con linfocitos OT-I Tcm un día antes de la 
inoculación del tumor (panel derecho). Los números en la parte superior del gráfico representan el número 
de animales que desarrollaron tumores relativo al total de animales utilizados en el ensayo. (c) Gráficos de 
puntos representativos del análisis por citometría de flujo en linfocitos OT-I que permanecieron en la piel 
de ratones que rechazaron completamente el tumor MC38-OVA (panel izquierdo), donde se muestra la 
expresión de los marcadores fenotípicos de linfocitos Trm (panel derecho). (d) Frecuencia de la expresión 
de los marcadores fenotípicos de linfocitos Trm (CD69 y CD103), en linfocitos OT-I residentes en la piel 
de ratones que rechazaron el tumor. (e, f) Frecuencia (panel superior) y número (panel inferior) de linfocitos 
OT-I expresando marcadores fenotípicos de linfocitos Trm que permanecieron en la piel de ratones que 
rechazaron el tumor, después de 20 (e) y 45 (f) días tras la inoculación del tumor. (b, d-f) Combinación de 
dos experimentos independientes, representados como las curvas de crecimiento de los tumores 
individuales (b), y cada ratón como un punto, representado como la media aritmética ± s.e.m. (d, e, f), (n=5 
y 11/grupo control y n=10 y 7/grupo transferido con Tcm). 
La transferencia adoptiva de linfocitos OT-I Tcm a los ratones eliminó totalmente 
el crecimiento y desarrollo del tumor MC38-OVA (Figura R10b). Esto permitió analizar 




rechazado el tumor, después de 20 y 45 días de la inoculación del tumor. Más del 90% de 
los linfocitos OT-I que se encontraron en la piel expresaron CD69 establemente, y el 50% 
de ellos expresó simultáneamente CD103 (Figura R10c-f). Los resultados sugieren que 
los linfocitos Tcm retienen un potencial para generar linfocitos Trm en un contexto 
tumoral. Esta plasticidad de la memoria T contribuye a explicar por qué los linfocitos 
Tcm son suficientes para retrasar el crecimiento del tumor. 
8.5 Anti-PD-1 aumenta la infiltración de linfocitos T 
CD8+ con fenotipo Trm en el tumor  
Se estudió el efecto del anticuerpo anti-PD-1 sobre la transferencia adoptiva de 
linfocitos OT-I Tcm y el control del crecimiento del tumor. Los linfocitos Tcm del 
ganglio linfático que drena el tumor (TdLN), y en especial los linfocitos parecidos a las 
Trm que infiltraron el tumor B16-OVA expresaron altos niveles de PD-1 (Figura R11a-
b). Este dato sugería que se podía mejorar su función, si se bloqueaba PD-1. Los ratones 
con tumores se transfirieron con linfocitos Tcm y se trataron simultáneamente con el 
anticuerpo anti-PD-1 siguiendo un esquema terapéutico (Figura R11c). El tratamiento 
con anti-PD-1 y linfocitos Tcm disminuyó el desarrollo del tumor B16-OVA (Figura 
R11d), si se compara con la transferencia adoptiva de Tcm sola. 
La frecuencia y el número de linfocitos OT-I con marcadores fenotípicos de Trm 
que infiltraron el tumor (Figura R11e), fue 10 veces mayor en los ratones que recibieron 
anti-PD-1 (Figura R11f). Sin embargo, el tratamiento con anti-PD-1 no afectó la 
frecuencia ni el número de OT-I en los dLNs (Figura R11g). 
Para descartar que el efecto de anti-PD1 fuera dependiente de una sola línea 
tumoral se utilizó la línea de adenocarcinoma MC38-OVA como alternativa. Los 
linfocitos OT-I Tcm del TdLN y aquellos que infiltraron el tumor MC38-OVA 
expresaron altos niveles de PD-1 (Figura R12a-b). Los ratones con tumores se 
transfirieron con linfocitos Tcm y se trataron simultáneamente con anti-PD-1 (Figura 
R12c). El tratamiento con anti-PD-1 y linfocitos Tcm disminuyó el crecimiento del tumor 














































































































































































Figura R11. Anti-PD-1 aumenta la infiltración de linfocitos T con fenotipo Trm y retrasa el 
crecimiento del melanoma B16 
Se inocularon (i.d.) ratones con B16-OVA y siete días después se transfirieron con linfocitos OT-I CD45.1+ 
Tcm. (a) Histograma representativo del análisis por citometría de flujo de la expresión de PD-1 en 
linfocitos OT-I de memoria central (Tcm). El análisis por citometría de flujo se realizó 7 días después de la 
transferencia adoptiva, en los ganglios drenantes (dLN) y en los linfocitos que infiltraron el tumor (TIL). 
(b) Frecuencia de expresión de PD-1 en linfocitos transferidos, presentes en el dLN y dentro del tumor 
(TIL). (c) Esquema de inmunoterapia con Tcm y anti-PD-1. Los ratones se inocularon (i.d) con B16-OVA, 
se transfirieron con linfocitos OT-I CD45.1+ Tcm y se trataron con anti-PD-1. (d) Peso del tumor en el 
momento del sacrificio. (e) Gráficos de puntos representativos del análisis por citometría de flujo de 
linfocitos OT-I que infiltraron el tumor, donde se muestra la expresión de marcadores fenotipos de Trm. (f, 
g) Frecuencia (panel superior) y número (panel inferior) de linfocitos T OT-I que infiltraron el tumor B16-
OVA (f) o permanecieron en dLN (g). (b, d, f, g) Combinación de tres (b, f, g) o cuatro (d) experimentos 
independientes, donde cada punto es un ratón y se representa como la media aritmética ± s.e.m. (b) (n=2-
3/grupo control, 3-4/grupo con tumores), (d, f, g) (n=3-5/grupo). NS, no significativo, ***, p<0.001; **, 
p<0.01; mediante el test estadístico one-way ANOVA (b) aplicando un test de Bonferroni a posteriori, el 
test estadístico de la t de Student con dos colas y sin parear (f panel superior, g) y el test estadístico no 
paramétrico Mann-Whitney con dos colas (d, f panel inferior).  
Los linfocitos OT-I con marcadores fenotípicos de Trm que infiltraron el tumor 
fueron 10 veces mayor en la combinación (Figura R12e). Sin embargo, los linfocitos 


































































































































































Figura R12. Anti-PD-1 aumenta la infiltración de linfocitos T con fenotipo Trm y retrasa el 
crecimiento del tumor MC38.  
Se inocularon (s.c.) ratones con tumor MC38-OVA y 15 días después se transfirieron con linfocitos OT-I 
CD45.1+ Tcm. (a) Histograma representativo del análisis por citometría de flujo de la expresión de PD-1 en 
linfocitos OT-I de memoria central (Tcm). El análisis por citometría de flujo se realizó 7 días después de la 
transferencia adoptiva, en linfocitos que infiltraron el ganglio drenante (dLN) y el tumor (TIL). (b) 
Frecuencia de la expresión de PD-1 en los linfocitos transferidos, presentes en el dLN y dentro del tumor 
(TIL). (c) Esquema de la inmunoterapia con Tcm y anti-PD-1. Los ratones se inocularon (s.c.) con tumor 
MC38-OVA, se transfirieron con linfocitos OT-I CD45.1+ Tcm, y se trataron con anti-PD-1. (d) Peso del 
tumor en el momento del sacrificio. (e, f) Frecuencia (panel superior) y número (panel inferior) de linfocitos 
T OT-I CD69+ que infiltraron el tumor MC38-OVA (e) o permanecieron en dLN (f). (b, d, e, f) 
Combinación de tres experimentos independientes, donde cada punto es un ratón y se representa como la 
media aritmética ± s.e.m. (b) (n=2-3/grupo control, 3-4/grupo con tumores), (d, e, f) (n=3-5/grupo). NS, no 
significativo, ***, p<0.001; *, p<0.05; mediante el test estadístico one-way ANOVA (b) aplicando un test 
de Bonferroni a posteriori, el test estadístico de la t de Student con dos colas y sin parear (f panel superior) 




En conjunto, los resultados sugieren que el tratamiento con el anticuerpo anti-PD-
1 aumenta la infiltración de linfocitos con marcadores fenotípicos de Trm y retrasa el 
crecimiento del tumor, después de una transferencia adoptiva con linfocitos Tcm. 
8.6 La respuesta antitumoral de linfocitos T CD8+ de 
memoria es deficiente en ratones Batf3-/- 
La generación de linfocitos Trm mediante la infección con rVACV-OVA depende 
de las DCs que realizan la presentación cruzada de antígenos y requieren la expresión de 
Batf3. Por el contrario, la generación de linfocitos Tcm es independiente (Iborra et al. 
2016).  
Consistentemente, se demostró que la generación de linfocitos Trm, endógenos y 
específicos para OVA (Figura R13a-b), pero no de linfocitos T CD8+ de memoria 
circulante (Figura R13c), inducidos mediante la inmunización (s.s.) con rVACV-OVA 
fue deficiente en ratones Batf3-/-. 
Estos resultados sugerían que la deficiencia en la generación de Trm en ratones 
Batf3-/- disminuiría la eficiencia de la respuesta antitumoral. Para comprobar esta 
hipótesis, los ratones WT y Batf3-/- se dividieron en dos grupos experimentales. El primer 
grupo se inmunizó por vía s.s. e i.n., que producen Trm, mientras que el segundo grupo se 
inmunizó por vía i.p., que produce memoria circulante pero no produce Trm. 
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Figura R13. La generación de memoria T residente depende de células dendríticas que requieren la 
expresión de Batf3 
Ratones WT y Batf3-/- se inmunizaron en la cola (s.s.) con rVACV-OVA. (a, b) Frecuencia (panel 
izquierdo) y número (panel derecho) de linfocitos T CD8+ de memoria residente en la cola (a), en la oreja 
(b), frecuencia de linfocitos T CD8+ de memoria circulante en el ganglio drenante (dLN) (c); endógenos, 
específicos para OVA, 30 días después de la inmunización. Combinación de dos experimentos 
independientes, donde cada punto es un ratón y se representa como la media aritmética ± s.e.m. (n=4-
5/grupo). NS, no significativo, ***, p<0.001; mediante el test estadístico de la t de Student con dos colas y 
sin parear. 




s.s. se inocularon 30 días después con B16-OVA en un flanco (Figura R14a). El factor 
de transcripción Batf3 contribuyó significativamente a la respuesta antitumoral. Mientras 
que los ratones WT se protegieron, los ratones Batf3-/- no se protegieron del tumor 
después de la inmunización (Figura R14b). Los ratones inmunizados por la vía i.n. se 
inocularon 30 días después por vía i.v. con B16-OVA (Figura R14c). Consistentemente, 
los ratones WT se protegieron mientras que los ratones Batf3-/- no se protegieron del 
tumor después de la inmunización (i.n.). Estos resultados apoyan la hipótesis inicialmente 
planteada sobre las vías de s.s. e i.n., capaces de generar Trm. 
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Figura R14. La inmunización con rVACV-OVA mediante escarificación de la piel o infección 
intranasal no protege ratones Batf3-/- contra el melanoma B16-OVA  
(a) Esquema de inmunización (s.s.) contra el melanoma B16-OVA. Los ratones WT y Batf3-/- se 
inmunizaron (s.s.) con el virus rVACV-OVA en la cola, y se inocularon (i.d.) con B16-OVA (106 células) 
en un flanco 30 días después. (b) Curvas de crecimiento del tumor B16-OVA, representadas como el 
volumen del tumor (mm3) en el tiempo (días). (c) Esquema de inmunización (i.n.) contra el melanoma B16-
OVA. Alternativamente, los ratones WT y Batf3-/- se inmunizaron (i.n.) con rVACV-OVA, y se inocularon 
(i.v.) con B16-OVA (3×105 células), 30 días después. (d) Número de nódulos metastásicos B16-OVA, 20 
días después de la inoculación i.v. (b, d) Combinación de dos experimentos independientes, representados 
como la media aritmética del volumen de los tumores ± s.e.m. (b) (n=6-8/grupo) y cada ratón como un 
punto mostrando la media aritmética ± s.e.m. (d) (n=5-7/grupo). ***, p<0.001; *, p<0.05; mediante el test 
estadístico two-way ANOVA (b) y el test estadístico one-way ANOVA (d), aplicando el test de Bonferroni 
a posteriori. 




se inoculó 30 días después con B16-OVA en un flanco (Figura R15a). En una vía de 
inmunización que no produce Trm, el factor de transcripción Batf3 también contribuyó al 
control del crecimiento del tumor, y los ratones Batf3-/- no se protegieron (Figura R15b). 
El modelo de metástasis en el pulmón confirmó los datos anteriores (Figura R15c-d). En 
ambos casos los ratones WT se protegieron.  
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Figura R15. La inmunización con rVACV-OVA por vía intraperitoneal no protege a ratones Batf3-/- 
contra el melanoma B16-OVA  
(a) Esquema de inmunización (i.p.) contra el melanoma B16-OVA. Los ratones WT y Batf3-/- se 
inmunizaron (i.p.) con rVACV-OVA, y se inocularon (i.d.) con B16-OVA (106 células) en un flanco 30 
días después. (b) Curvas de crecimiento del tumor B16-OVA, representadas como el volumen del tumor 
(mm3) en el tiempo (días). (c) Esquema de inmunización (i.p) contra el melanoma B16-OVA. Los ratones 
WT y Batf3-/- se inmunizaron (i.p.) con el virus rVACV-OVA, y se inocularon (i.v.) con el tumor B16-OVA 
(3×105 células) 30 días después. (d) Número de nódulos metastásicos B16-OVA, 20 días después de la 
inoculación i.v. (e) Imágenes representativas del crecimiento de nódulos metastásicos en los pulmones de 
los ratones, 20 días después de la inoculación i.v. (b, d) Combinación de dos experimentos independientes, 
representados como la media aritmética del volumen de los tumores ± s.e.m. (b) (n=6-8/grupo) y cada ratón 
como un punto mostrando la media aritmética ± s.e.m. (d) (n=5-7/grupo). ***, p<0.001; *, p<0.05; 
mediante el test estadístico two-way ANOVA (b) y el test estadístico one-way ANOVA (d), aplicando el 
test de Bonferroni a posteriori. 
En conclusión, estos resultados demuestran que las DCs que requieren la 




independientemente de su papel en la generación de Trm. 
8.6.1 La reactivación de linfocitos T CD8+ de memoria central 
contra el tumor depende de DCs que requieren la expresión de 
Batf3  
A continuación, se estudió el posible mecanismo por el cual las DCs que requieren 
la expresión de Batf3 son importantes para la respuesta antitumoral de  la memoria T 
CD8+. En primer lugar, se descartó la posibilidad de que la memoria circulante T CD8+ 
generada en los ratones Batf3-/- no funcionara correctamente. Los ratones WT y Batf3-/- se 
transfirieron con linfocitos T OT-I WT y se inmunizaron con rVACV-OVA para generar 
linfocitos Tcm en ambos genotipos. Los recipientes WT se transfirieron con linfocitos 
OT-I Tcm generados en ambos donantes y se inocularon con B16-OVA en un flanco 
(Figura R16a). 
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Figura R16. La memoria central generada en ratones Batf3-/- presenta una capacidad antitumoral tan 
eficiente como la generada en ratones WT 
(a) Esquema de generación y transferencia de memoria central (Tcm). Para la generación de linfocitos Tcm, 
ratones WT y Batf3-/- se transfirieron con linfocitos T OT-I naive CD45.1+ un día antes de la infección (i.d.) 
con rVACV-OVA en la oreja. Posteriormente (30 d), los linfocitos OT-I CD45.1+ Tcm generados en 
ratones donantes WT y Batf3-/- se purificaron y se transfirieron a recipientes WT. Un día después de la 
transferencia los ratones se inocularon (i.d.) con B16-OVA (106 células) en un flanco. (b) Curvas de 
crecimiento del tumor B16-OVA, representadas como el volumen del tumor (mm3) en el tiempo (días), que 
muestran los genotipos de los ratones donantes y recipientes. (b) Combinación de dos experimentos 
independientes, representados como la media aritmética del volumen del tumor ± s.e.m (n=6-8/grupo). ***, 




 La transferencia de linfocitos Tcm retrasó el crecimiento del tumor, 
independientemente del ratón donante donde se generó la memoria (Figura R16b). 
Además, se estudió la posibilidad de que las DCs que requieren la expresión de 
Batf3 en ratones recipientes fueran las encargadas de reactivar la memoria Tcm contra los 
tumores. Para esto, se generó memoria Tcm tanto en donantes WT como Batf3-/- y se 
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Figura R17. La reactivación de la memoria central en respuesta a tumores depende de células 
dendríticas que requieren la expresión de Batf3 
(a) Esquema de generación y transferencia de memoria central (Tcm). Para la generación de linfocitos Tcm, 
ratones WT (b) y Batf3-/- (c) se transfirieron con linfocitos T OT-I CD45.1+ naive un día antes de la 
infección (i.d.) con el virus rVACV-OVA en la oreja. Posteriormente (30 d), los linfocitos OT-I CD45.1+ 
Tcm provenientes de ratones donantes WT y Batf3-/- se purificaron y se transfirieron a recipientes WT y 
Batf3-/-. Un día después de la transferencia los ratones se inocularon (i.d.) con B16-OVA (106 células) en un 
flanco. (b, c) Curvas de crecimiento del tumor B16-OVA, representadas como el volumen del tumor (mm3) 
en el tiempo (días), en ratones recipientes transferidos con Tcm provenientes de animales WT (b) o Batf3-/- 
(c). (b, c) Combinación de dos experimentos independientes, representados como la media aritmética del 
volumen del tumor ± s.e.m (n=6–8/grupo). ***, p<0.001; **, p<0.01; mediante el test estadístico two-way 




Independientemente del origen de los linfocitos Tcm, la transferencia adoptiva a 
ratones recipientes Batf3-/- fue ineficiente para controlar el crecimiento del tumor, si se 
compara con la transferencia a ratones WT (Figura R17b-c). 
Estos datos demuestran que las DCs que requieren la expresión de Batf3 dirigen la 















La generación de memoria T CD8+ potente durante la inmunoterapia contra el 
cáncer podría suponer una ventaja, para prevenir la reaparición de nuevos tumores locales 
y metástasis. La memoria T puede recircular entre los órganos linfoides secundarios y los 
tejidos periféricos (memoria T circulante), o residir en los tejidos periféricos (Trm) una 
vez se ha establecido (Kaech et	al.	 2012). Cada tipo de memoria requiere diferentes 
estímulos durante el priming y la diferenciación (Iborra et al. 2016; Mueller et	al. 2016). 
Tanto la memoria T circulante como Trm tienen diferentes propiedades efectoras 
(Mueller et	al. 2016). Sin embargo, su interrelación en la inmunidad antitumoral no se ha 
estudiado con profundidad.  
Con el objetivo de abordar esta interrogante se empleó un sistema de vacunación 
con VACV, para generar selectivamente los distintos tipos de memoria que se iban a 
estudiar (Iborra et al. 2016). Una vez que se estableció la memoria, los ratones se 
inocularon con varios modelos tumorales como el modelo de melanoma B16-OVA y de 
adenocarcinoma MC38-OVA. Se utilizaron tanto la inoculación del tumor en la piel para 
desarrollar tumores primarios, como la inoculación intravenosa para desarrollar nódulos 
metastásicos en los pulmones. 
En el presente estudio se demostró que la memoria T circulante y la Trm 
colaboraban en la inmunidad contra tumores. Ambos tipos de memoria, circulante y 
residente, fueron suficientes para retrasar el crecimiento de los tumores. La inducción de 
Trm retrasó el comienzo de los tumores, disminuyó la cinética de crecimiento y 
consecuentemente aumentó la inmunidad antitumoral. La memoria circulante mantuvo 
suficiente grado de plasticidad para producir Trm dentro de los tumores, o en la piel de 
animales que habían rechazado el tumor. Asimismo, la Tcm generó Trm en un contexto 
de infección viral. Notablemente, la terapia con anti-PD-1 contribuyó con la transferencia 
adoptiva de Tcm y mejoró la respuesta antitumoral. Además, las DCs dependientes de 
Batf3 fueron críticas para la reactivación de la memoria T CD8+ circulante durante la 
respuesta antitumoral.  
9.1 Interrelación de la memoria circulante y residente 
durante la respuesta antitumoral 




afectan la piel o las mucosas (Mueller et	al. 2016) y están ampliamente distribuidas en los 
tejidos (Steinert et al. 2015). La Trm responde con más rapidez que la memoria circulante 
después de una estimulación, y está equipada con una maquinaria efectora más potente 
que su contraparte circulante (Clark et	al. 2015). Además, la Trm proporciona una 
protección superior tras una segunda infección viral en piel o en mucosas (Jiang et al. 
2012; Gaide et al. 2015; Hondowicz et al. 2015). Estas células son suficientes para 
controlar la reinfección viral en presencia de FTY720, el cual limita la contribución de la 
memoria circulante (Jiang et al. 2012).  
Para analizar la suficiencia de las poblaciones de memoria circulante y 
residente en la respuesta antitumoral, se generaron ambos tipos de memoria mediante 
distintos métodos de inmunización. Como no se contaba con un método para generar 
selectivamente memoria residente, se utilizó la escarificación de la piel. Este método 
generó ambos tipos de memoria, residente y circulante. La contribución de la memoria 
circulante a la inmunidad antitumoral se limitó mediante la inoculación del inhibidor 
FTY720, que reduce la salida de linfocitos T a circulación desde los órganos linfoides 
secundarios. Los experimentos con FTY720 demostraron que la Trm fue suficiente para 
disminuir el crecimiento tumoral.  
Estos resultados han sido simultáneamente reproducidos por otro grupo de trabajo 
(Malik et al. 2017) en un modelo de vitíligo autoinmune. En este modelo se generan 
naturalmente Trm específica por melanoma. Estas células residen en los folículos pilosos 
que carecen de melanocitos. El mantenimiento de esta Trm es independiente a la 
reposición desde los órganos linfoides secundarios. Los linfocitos Trm expresan los 
marcadores fenotípicos CD103, CD69, y CLA, pero carecen de PD-1 o LAG-3. Además, 
son capaces de producir IFN-g. Las células Trm CD8+CD103+ derivadas del vitíligo 
autoinmune son críticas para la protección contra el melanoma. El uso de FTY720 por 
estos investigadores corrobora que las células Trm naturalmente generadas, específicas 
por el melanoma, son suficientes para rechazar el tumor (Malik et al. 2017). Sin embargo, 
en nuestro modelo, la memoria T CD8+ circulante también protegió eficazmente contra 
los tumores, en correspondencia con resultados previos (Klebanoff et al. 2005). 
En relación a los efectos inespecíficos del inhibidor FTY720, para corroborar la 
suficiencia de Trm en el rechazo tumoral, el trasplante de piel que contiene solamente 




donde se genera mucha inflamación y las porciones de piel que se trasplantan tienen un 
tamaño limitado.   
Con el objetivo de estudiar la interrelación entre la memoria circulante y 
residente y comparar su eficiencia se utilizó un modelo de parabiosis. En este modelo se 
comparó como respondían a la inoculación de un tumor dos grupos de ratones 
parabiontes. El primer grupo de ratones contenía tanto memoria circulante como residente 
en piel, mientras que el segundo grupo de ratones contenía el mismo número de linfocitos 
de memoria circulante, pero no contenía memoria residente. En estos experimentos se 
demostró que el crecimiento de tumores fue menor en aquellos parabiontes que contenían 
ambos tipos de memoria, tanto circulante como Trm, en comparación con parabiontes que 
contenían solamente memoria T circulante.  
Los datos anteriores sugieren que las poblaciones residentes y circulantes 
colaboran para aumentar la protección antitumoral (Figura D1). Algunas evidencias 
anteriores señalan la colaboración entre los linfocitos de memoria circulante y residente 
como un mecanismo efector de la Trm. Por ejemplo, la reinfección con VSV (del inglés, 
vesicular stomatitis virus) aumenta el reclutamiento de la memoria circulante desde la 
sangre (Borowitz et al. 1993; Sallusto et	al. 2009).  
Asimismo, la Trm en presencia de memoria circulante aumentó la respuesta contra 
el melanoma B16, lo cual sugiere cierta superioridad de la respuesta inmunitaria de Trm 
contra el tumor. Este resultado coincide con los datos obtenidos en un modelo de prime-
boost con VACV. En este modelo, la Trm en presencia de FTY720 fue superior a la 
memoria circulante para proteger frente a la segunda infección con el mismo virus (Jiang 
et al. 2012). No se descarta que el reclutamiento de la memoria circulante podría 
contribuir a la superioridad de la Trm. Sin embargo, otra explicación podría radicar en la 
cinética de la respuesta de ambas memorias. Por ejemplo, en el modelo de 
hipersensibilidad por contacto con DNFB (del inglés, dinitrofluorobenzene), la Trm 
induce una respuesta rápida y potente, mientras la memoria circulante induce una 


























Figura D1. La inducción de memoria T residente aumenta la inmunidad antitumoral 
La inmunización mediante escarificación de la piel genera tanto memoria circulante como memoria 
residente (Trm). La inducción de Trm aumenta la respuesta antitumoral y disminuye su crecimiento. 
Algunos mecanismos podrían explicar este fenómeno. Por ejemplo, (1) la Trm induce un reclutamiento de 
memoria circulante desde los órganos linfoides secundarios hacia el tumor. Este proceso podría estar 
mediado directamente por la producción de IFN-g. No se descarta que la Trm induzca la producción de 
otras citoquinas/quimiocinas en células del sistema innato, que a su vez contribuyan al reclutamiento de la 
memoria circulante. (2) La Trm induce el reclutamiento de más linfocitos de memoria residente y de otros 
linfocitos de la inmunidad innata (3). La Trm utiliza como mecanismo efector la lisis directa de la célula 
tumoral diana, mediante la producción de granzima B y perforinas. 
Aunque la presencia de Trm señaló una mayor actividad antitumoral, los 
mecanismos efectores de la Trm in vivo no se han estudiado profundamente (Cells et	al. 
2014). La Trm puede producir IFNg y granzima B (Mackay et	al. 2001; Jiang et al. 2012; 
Hu et al. 2015; Malik et al. 2017). Sin embargo, no está claro que la Trm utilice la lisis 
directa de células tumorales como mecanismo efector.  
Para contrarrestar su baja tasa de proliferación, la Trm  podría poblar densamente 
los tejidos (Steinert et al. 2015) o tener mecanismos efectores muy potentes que superen 
dichas limitaciones. Los experimentos recientes muestran que la Trm realiza su función 




mecanismos colocan a la Trm en la base de la interacción entre la inmunidad innata y 
adaptativa. Se cree que los linfocitos Trm son capaces de generar un estado de alerta 
inmunológica en el tejido, capaz de movilizar a las células y citoquinas no solo de la 
inmunidad innata, sino también de la inmunidad adaptativa. Por ejemplo, en un modelo 
de influenza las células Trm del pulmón protegen contra el virus en ausencia de 
proliferación o de función citotóxica, mediante una respuesta dependiente de IFN-γ y de 
otras citoquinas (von Andrian et	al. 2003; Purwar et al. 2011). En mucosa, esta vez en el 
aparato reproductor femenino, la producción instantánea de citoquinas por células Trm 
induce la expresión en el endotelio de la molécula de residencia VCAM-1. Esto 
contribuye al reclutamiento de células NK, DC y células B al sitio de infección (Hu et al. 
2015). Asimismo, la reestimulación de Trm induce la expresión de algunos genes de la 
inmunidad innata como IFITM-3 (Kupper et	al. 2012). Este mecanismo de alerta en el 
modelo de Staphylococcus epidermidis y otros induce la activación local de la Trm. La 
consiguiente cascada inmunológica contribuye a la eliminación de muchos patógenos no 
relacionados antigénicamente (Kupper 2012; Hu et al. 2015; Naik et al. 2015).  
En este trabajo se utilizó un modelo de vacunación con el antígeno exógeno OVA. 
Debido a la alta inmunogenicidad de este antígeno, para la generación de memoria se 
podría utilizar un modelo con antígenos endógenos y conseguir un escenario más 
fisiológico. Por ejemplo, la estrategia de prime-boost que utiliza para el prime el 
lentivirus que expresa gp100 (antígeno tumoral) y para el boost el VACV que expresa 
gp100 genera una respuesta antitumoral eficiente contra melanoma (Xiao et al. 2011). 
Esta protección se debe probablemente a la generación de una memoria circulante y 
residente muy potente, con capacidad para interaccionar.   
La memoria circulante y la Trm colaboraron para asegurar una respuesta 
antitumoral más eficiente. Sin embargo, los mecanismos que explican esta interacción en 
el contexto tumoral requieren un estudio más profundo. No obstante, el retraso en el 
comienzo de los tumores y la consecuente disminución en su crecimiento en presencia de 
Trm, sugiere que estas células podrían ser particularmente beneficiosas en la prevención 
de metástasis. 
9.2 Generación de Trm a partir de Tcm 
Una de las principales características de la memoria circulante es su plasticidad. 




adaptarse a nuevas condiciones ambientales (Youngblood et	al. 2015). Aunque la 
plasticidad entre los linfocitos T naive, de memoria central y efectora, ha sido 
ampliamente estudiada, la plasticidad de la Tcm para generar Trm es una asignatura 
pendiente para la comunidad científica.  
La Tcm y la Trm se originan a partir de un mismo clon y comparten el repertorio 
de TCR (Gaide et al. 2015). Sin embargo, las células Trm requieren diferentes estímulos 
para el priming en los LN (Iborra et al. 2016). La generación óptima de la Trm después 
de una infección viral requiere señales proporcionadas únicamente por las DC 
dependientes de Batf3, que favorecen la expresión de T-bet y la retención en el LN 
(Iborra et al. 2016). A continuación, las células Trm migran hacia los tejidos, donde el 
microambiente local condiciona su diferenciación (Steinert et al. 2015; Mueller et	al. 
2016). 
Con el objetivo de evaluar si la Tcm generaba Trm se utilizó un modelo de 
transferencia adoptiva de Tcm, seguido por la infección con un virus o la inoculación de 
un tumor (Figura D2).  
La transferencia adoptiva de Tcm generó Trm en piel después de la infección con 
el VACV. Estas células Trm expresaron CD69 y CD103. Además, mediante 
experimentos de parabiosis se demostró que estas células Trm no migraban a través de la 
sangre o la linfa.  
Asimismo, después de la inoculación con B16-OVA, las células Tcm transferidas 
expresaron marcadores fenotípicos asociados a la Trm dentro del tumor. Sin embargo, 
estas células recibían una estimulación antigénica persistente. En los ratones que 
rechazaron completamente el tumor MC38-OVA la Trm derivada de la Tcm permaneció 
en la piel. La eliminación del tumor MC38-OVA permitió la identificación de verdaderas 
células Trm en ausencia del antígeno, que expresaron CD69 y CD103,  




































Figura D2. La memoria T CD8+ central genera memoria residente en presencia de estímulos 
inflamatorios 
(1) Después de la transferencia adoptiva de memoria central (Tcm) e inoculación con un tumor se genera 
memoria residente (Trm). La generación de Trm podría estar mediada por señales provenientes 
directamente del tumor. Aunque no se descarta que las células mieloides sean intermediarias entre las 
señales recibidas desde el tumor y las señales enviadas a la Tcm. (2) En el caso de la infección viral con 
VACV, se genera Trm a partir de Tcm tras la inmunización. Los virus podrían inducir la transformación 
directamente. Sin embargo, como VACV infecta directamente un gran número de células, las señales 
provenientes de estas también podrían inducir la transformación. En ambos casos la Trm expresa CD69 y 
CD103 y se podría inducir la señalización tanto en un órgano linfoide secundario como en el propio tumor o 
sitio de infección. Esta Trm es una alternativa potencial para la protección contra la reaparición de tumores 
y metástasis. 
mayor capacidad proliferativa, mientras que las células Trm tienen mayor capacidad 




Schenkel et al. 2014; Naik et al. 2015). La capacidad de la Tcm para generar Trm 
después de una infección viral o la inoculación de un tumor apoya sus propiedades como 
células madre. Sin embargo, la Tcm no se convierte en Trm en ausencia de inflamación 
(Jiang et al. 2012).  
Una de las teorías que explican la plasticidad de las células T de memoria es la 
existencia de células madre de memoria capaces de generar dos tipos celulares: uno con 
las mismas características para autorenovarse homeostáticamente, y otro con funciones 
más terminales (Fearon et	al. 2001).  
El modelo de células madre inmunológicas se apoya en la existencia de la Tscm. 
Son muchos los procedimientos para demostrar este hecho, por ejemplo, en un modelo de 
transferencia adoptiva de un único clon de células Tscm, estas células muestran capacidad 
de autorenovación y multipotencia (Graef et al. 2014).  
Recientemente se han definido distintas subpoblaciones celulares con propiedades 
características de células madre. Por ejemplo, la subpoblación de linfocitos humanos Tcm 
y Tem caracterizada por una alta expresión de IL-18R y del receptor de NK CD161 
muestran una mayor supervivencia durante la quimioterapia (Turtle et al. 2009). En 
modelos de cáncer e injerto contra huésped, otra población de células T CD8+ que 
expresa CD44loCD62Lhi y altos niveles de Sca-1, CD122 y Bcl-2 (Gattinoni et al. 2009), 
(Zhang et al. 2005) presenta una mayor capacidad proliferativa y una función superior al 
resto de Tcm.  
Continuamente se debate si la plasticidad de células T de memoria es una 
propiedad intrínseca, es dependiente de las condiciones del microambiente, o es una 
combinación de ambas. En este sentido, los datos aquí descritos sugieren que ambos 
criterios son determinantes. Las células Tcm que se transfirieron por vía intravenosa, 
generaron tanto poblaciones de memoria circulante en los órganos linfoides secundarios 
como residente en los tejidos. Aunque la generación de Trm se limitó a la presencia de 
estímulos inflamatorios.  
Algunos experimentos anteriores reflejan la relevancia del ambiente en la 
plasticidad T. Masopust y colaboradores (Masopust et al. 2006b) tomaron Trm de los 
intestinos y las transfirieron de nuevo al mismo organismo por vía intravenosa. Como 
resultado se generan células efectoras y varias subpoblaciones de memoria, después del 




microambiente para inducir la generación de cada tipo de memoria. Por el contrario, las 
células Trm tomadas del cerebro, transferidas al bazo por la vía intravenosa, y expuestas 
al antígeno, presentan una capacidad proliferativa muy limitada (Wakim et	al. 2010). 
Estos datos sugieren que la diferenciación de Trm en cerebro está ligada a un programa 
genético intrínseco, que restringe su capacidad proliferativa fuera de él. En el 
experimento opuesto, tomando memoria T circulante de bazo y transfiriéndola al cerebro, 
esta mantiene un alto potencial proliferativo, si bien no se describe que sean capaces de 
generar Trm (Wakim et al. 2012).  
Aunque se ha demostrado que la Tcm genera Trm en un contexto viral y tumoral, 
los procesos relacionados con esta transformación requieren estudios más profundos. Por 
ejemplo, una caracterización fenotípica exhaustiva junto al estudio de perfiles de 
expresión génica contribuirían a una definición más completa de estas células. Asimismo, 
la comparación de la función efectora entre la Trm generada a partir de Tcm o de 
linfocitos naive, guiaría la generación de Trm en las terapias contra la metástasis. 
9.3 Terapias con anti-PD-1 
El presente estudio sugiere que la inmunidad antitumoral mediada por células T 
CD8+ surge a partir de una interrelación de la memoria T CD8+ circulante y residente. Las 
células Tcm mostraron suficiente grado de plasticidad para producir Trm en un contexto 
tumoral. Ambos tipos celulares expresaron PD-1 en presencia del tumor, similar a los 
linfocitos T CD103+ infiltrados en cáncer de ovario (Komdeur et al. 2016).  
Para evaluar el efecto de anti-PD-1 en la transferencia adoptiva de células T de 
memoria, los ratones con tumores se inocularon con el anticuerpo y linfocitos T 
siguiendo un modelo terapéutico.  
La terapia con anti-PD-1 en combinación con la transferencia adoptiva de Tcm 
aumentó la infiltración de linfocitos con características de Trm, y consecuentemente su 
actividad antitumoral. Este resultado se corresponde con resultados previos, donde se 
muestra que el tratamiento con anti-PD-1 expande la memoria T antitumoral en pacientes 
(Ribas et al. 2016). En los nódulos metastásicos de melanoma, los puntos de control 
inmunológico están particularmente enriquecidos en una población de células T con 
características fenotípicas y genotípicas de Trm. Esto sugiere que la población de Trm 




inmunológico. La habilidad de la Trm de residir largos períodos de tiempo en los tejidos 
(Thome et	al. 2015; Malik et al. 2017) podría ser la clave en la estabilidad de las 
respuestas clínicas observadas tras el bloqueo de los puntos de control inmunológico 
(Boddupalli et al. 2016). Además, otros anticuerpos inmunoestimuladores, como el anti-
CD137 , también aumentan la respuesta de la memoria residente (Zhou et al. 2017).  
Existe una fuerte correlación entre la expresión de PD-1 y la disfunción de los TIL 
CD8+ específicos por antígenos tumorales. Sin embargo, en los modelos de MCMV y 
VACV, los linfocitos de memoria específicos para el virus que infiltran el tumor son 
altamente funcionales, independientemente de la expresión de PD-1. Los niveles de 
expresión de PD-1 y la funcionalidad de TILs correlaciona con una exposición reciente al 
antígeno (Erkes et al. 2017). La utilización de TILs como marcador de pronóstico de 
respuesta antitumoral debe tener en cuenta esos TILs, que reflejan una situación 
inmunológica inflamatoria independiente de los antígenos tumorales. Sin embargo, la 
actividad efectora de TILs de memoria específicos por el virus se debería estudiar con 
mayor profundidad, como alternativa para generar una respuesta citotóxica contra células 
tumorales.  
La infiltración de linfocitos T con características de Trm aumentó después del 
tratamiento con anti- PD-1. El mecanismo que explica este resultado no se ha descrito 
completamente y requiere mayores esfuerzos. Se podría especular que anti-PD-1 
simplemente aumenta el reclutamiento de linfocitos T de memoria al tumor. Sin embargo, 
teniendo en cuenta que este anticuerpo bloquea la señalización de muerte, la mayor 
infiltración podría deberse al aumento en la supervivencia de linfocitos dentro del tumor. 
Desde el punto de vista metabólico la señalización por PD-1 en linfocitos T limita la 
glicolisis y la utilización de glutamina como fuentes de energía. En consecuencia, los 
linfocitos T obtienen energía a partir de la oxidación de ácidos grasos (Patsoukis et al. 
2015).	La oxidación de ácidos grasos tiene una fuerte asociación con la longevidad de 
varios tipos celulares (Wang et	al. 2008; Zaugg et al. 2011). Estos datos sugieren que la 
señalización por PD-1 permite a las células T sobrevivir largos períodos de tiempo 
utilizando el metabolismo de ácidos grasos. No se puede descartar que anti-PD-1 potencie 
la inducción de un fenotipo asociado a Trm y a su vez aumente la permanencia de estas 
células dentro del tumor. En cualquier caso, hay que destacar que los TILs mantienen su 
capacidad efectora, lo que se demostró con la disminución del crecimiento de los 




inmunológico en combinación con la transferencia adoptiva, contribuiría al desarrollo de 
terapias antitumorales más eficientes. 
En conclusión, estos resultados sugieren que las estrategias de vacunación 
antitumoral deberían inducir ambos tipos de memoria circulante y residente (Sandoval 
et al. 2013), lo que en sinergia con los anticuerpos inmunoestimuladores mejoraría la 
inmunoterapia contra cáncer. 
9.4 Las cDC-1 dependientes de Batf3 dirigen la 
reactivación de la respuesta de memoria antitumoral 
Las DC son esenciales para la respuesta antitumoral después de la transferencia 
adoptiva de linfocitos T. La transferencia de linfocitos T OT-I activados previamente con 
anti-CD3 y anti-CD28 in vitro a animales que carecen de DC CD103+, no protege contra 
tumores que expresan OVA. La abundancia de transcriptos primarios característicos de 
DC dependientes de Batf3 se correlaciona con un mejor resultado clínico en tumores de 
pacientes (Broz et al. 2014). Además, el éxito de terapias con anticuerpos 
inmunoestimuladores radica en la participación de estas células en la respuesta 
antitumoral, encargadas de realizar la presentación cruzada de antígenos tumorales 
(Salmon et al. 2016). En este caso, se establece una sinergia entre los anticuerpos 
inmunoestimuladores y la expansión y activación de las cDC-1, inducidas por FLT3L y 
poly (I:C) respectivamente (Salmon et al. 2016; Sanchez-Paulete et al. 2016). La 
población de DC dependientes de Batf3 es la mayor productora de IL-12, no solo en 
contextos de infección (Mashayekhi et al. 2011; Martínez-López et al. 2015; Everts et al. 
2016), sino también en contextos tumorales (Ruffell et al. 2014). La IL-12 contribuye a la 
función efectora de células T CD8+ y a la inhibición de células mieloides productoras de 
IL-10 (Ruffell et al. 2014).  
Con el objetivo de evaluar la relevancia de las cDC-1 en la respuesta 
antitumoral de la memoria T se utilizó el modelo de ratón que carece de Batf3, en 
combinación con experimentos de transferencia adoptiva. Estos ensayos demostraron que 
las DC dependientes de Batf3 fueron necesarias para la reactivación eficiente de la Tcm y 
la promoción de la inmunidad antitumoral. La importancia de las cDC-1 en la respuesta 
de memoria se ha descrito anteriormente en distintos modelos de infección. Por ejemplo, 
las DC dependientes de Batf3 son críticas durante la reactivación de la memoria T CD8+ 





La relevancia de las cDC-1 en la respuesta inmunitaria antitumoral ha llamado la 
atención sobre estas células como alternativa en la inmunoterapia contra cáncer. A esto se 
debe el creciente número de publicaciones enfocadas a relacionar las cDC-1 con los 
linfocitos T antitumorales. Algunos de los mecanismos que explican la función de cDC-1 
se han descrito simultáneamente a nuestro trabajo (Figura D3). Por ejemplo, las DC 
CD103+ son las únicas capaces de transportar antígenos tumorales al TdLN. En el TdLN 
son estas DC las que estimulan y activan la respuesta T CD8+ específica por el tumor 
(Roberts et al. 2016; Salmon et al. 2016). Asimismo, las DC CD103+ transfieren los 
antígenos a otras células mieloides residentes en LN con otras funciones. Todos los 
procesos anteriores son dependientes de CCR7 (Roberts et al. 2016). 
En un modelo de melanoma espontáneo, las DC dependientes de Batf3 se 
requieren para el reclutamiento de linfocitos T CD3+ naive al tumor (Spranger et	al. 
2015). La infiltración de linfocitos T en el tumor no ocurre siempre, y los mecanismos 
que explican este fenómeno no están completamente claros. Las DC CD103+ 
intratumorales son las mayores productoras de las quimiocinas CXCL9 y CXCL10, las 
cuales promueven el reclutamiento de los linfocitos T CXCR3+ efectores y reactivos 
contra el tumor (Spranger et al. 2017). La expresión de transcriptos primarios en las cDC-
1 de los tumores humanos de melanoma correlaciona positivamente con la presencia de 
CXCL9 y CXCL10, así como con la infiltración de linfocitos T CD8+ (Spranger et al. 
2017). 
Si se confirmara en pacientes que las DC intratumorales dependientes de Batf3 
controlan el reclutamiento de linfocitos T, este descubrimiento podría tener muchas 
implicaciones para la inmunoterapia contra cáncer. Por ejemplo, la presencia o ausencia 
de cDC-1 en los tumores sería un criterio decisivo para predecir la respuesta clínica y 
definir el tratamiento más adecuado. Además, sería muy interesante investigar 
retrospectivamente si los pacientes que no han respondido a las inmunoterapias tenían 




























Figura D3. La reactivación de memoria T central depende de células dendríticas tipo 1 
(a) Animales WT previamente transferidos con memoria central (Tcm) específica para OVA y 
posteriormente inoculados con B16-OVA se protegen contra el tumor. Las células dendríticas (DC) tipo 1 
dependen del factor de transcripción Batf3 y están compuestas por las DC CD103+ migratorias y las DC 
CD8a en los órganos linfoides secundarios. (1) Las DC CD103+ transportan los antígenos del tumor hacia 
el ganglio linfático más cercano (TdLN), dependiente de CCR7. Estas células presentan los antígenos 
tumorales a la Tcm. Asimismo, transfieren los antígenos tumorales a otras células como las DC CD8a, que 
también realizan la presentación cruzada y el priming de los linfocitos T. (2) Las DC CD103+ 
intratumorales secretan CXCL9 y CXCL10, lo cual induce el reclutamiento de linfocitos T de memoria que 
expresan CXCR3 desde el TdLN hacia el tumor. No se puede descartar que las DC CD103+ presenten los 
antígenos y estimulen la Tcm dentro del tumor. (3) La activación de linfocitos T de memoria podría estar 
mediado por la secreción de IL-12 y la estimulación de CD24, ambos factores expresados en las DC 
CD103+. En ausencia de Batf3, que por una parte reduce significativamente el número de DC CD103+ en la 
piel y por otra parte las DC CD8a que permanecen en los TdLNs no son funcionales, no hay rechazo 
tumoral.  
Si bien está claro el papel de las cDC-1 en la reactivación de la respuesta de 
memoria antitumoral. Algunos aspectos permanecen sin aclarar. Por ejemplo, aún no se 
ha demostrado donde ocurre la reactivación de linfocitos T de memoria. Aunque muchos 
resultados señalen el TdLN, no se debe descartar que en el caso de la memoria T con un 
umbral de activación menor, la señalización podría ocurrir directamente dentro del tumor. 
Además, se necesitan estudios adicionales para investigar el papel de las DC dependientes 




Trm necesita una reactivación y que tipo de DC estaría implicada en este proceso (Shin 
et al. 2016).  
Estos datos resaltan la relevancia de las cDC-1 en la inmunología tumoral y la 
inmunoterapia no solo para la integración de una respuesta primaria, sino también para la 














1. Tanto los linfocitos T CD8+ de memoria residente como circulante son suficientes 
para la respuesta antitumoral. 
 
2. La inducción de linfocitos T CD8+ de memoria residente aumenta la eficiencia de 
la inmunidad antitumoral. 
 
3. Los linfocitos T CD8+ de memoria central muestran plasticidad para generar 
memoria residente tras la infección con un virus o la inoculación de un tumor. 
 
4. La terapia combinada del anticuerpo anti-PD-1 con la transferencia adoptiva de 
linfocitos T CD8+ de memoria central aumenta la respuesta antitumoral. 
 
5. La reactivación de linfocitos T CD8+ de memoria central contra los tumores es 
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Enhanced anti-tumor immunity requires the
interplay between resident and circulating
memory CD8þ T cells
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The goal of successful anti-tumoural immunity is the development of long-term protective
immunity to prevent relapse. Inﬁltration of tumours with CD8þ T cells with a resident
memory (Trm) phenotype correlates with improved survival. However, the interplay of cir-
culating CD8þ T cells and Trm cells remains poorly explored in tumour immunity. Using
different vaccination strategies that ﬁne-tune the generation of Trm cells or circulating
memory T cells, here we show that, while both subsets are sufﬁcient for anti-tumour
immunity, the presence of Trm cells improves anti-tumour efﬁcacy. Transferred central
memory T cells generate Trm cells following viral infection or tumour challenge. Anti-PD-1
treatment promotes inﬁltration of transferred Tcm cells within tumours, improving anti-
tumour immunity. Moreover, Batf3-dependent dendritic cells are essential for reactivation of
circulating memory anti-tumour response. Our ﬁndings show the plasticity, collaboration and
requirements for reactivation of memory CD8þ T cells subsets needed for optimal tumour
vaccination and immunotherapy.
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G
eneration of optimal cancer immunotherapy involves
induction of effective memory against the primary
tumour able to prevent relapse metastases and recurrence.
Circulating memory cells patrol the blood and include central
memory T (Tcm) cells that retain the capacity to enter lymph
nodes (LNs). Conversely, tissue-resident memory T (Trm) cells
are conﬁned to parenchymal non-lymphoid tissues1–7. Trm are
characterized by stable surface expression of CD69 and an
enhanced effector ability that functionally provides a tissue-wide
alert state against local reinfection6–11.
In mice, cutaneous infection with recombinant vaccinia virus
(rVACV) generates circulating memory CD8þ T cells and skin
Trm cells, whereas i.p. infection does not generate skin Trm
cells12. Infected parabiotic mice with skin Trm cells are more
resistant to a rechallenge dermal infection than their
circulation-sharing partners lacking Trm cells12. Optimal
generation of Trm cells requires Batf3-dependent dendritic
cells (DCs) during priming following VACV infection13.
Batf3 / mice show impaired immunity against syngeneic
ﬁbrosarcomas with marked intrinsic immunogenicity14.
Tumour inﬁltration by CD103þ Batf3-dependent DCs
correlates with tumour regression15 and favours T-cell
inﬁltration in mouse models of melanoma16. CD103þ DCs
mediate antigen capture within the tumour and cross-prime
tumour-speciﬁc CD8þ T cells, whose therapeutic effects can be
ampliﬁed by immunostimulatory antibodies17,18.
The interplay between circulating CD8þ T cells and Trm cells
in anti-tumour immunity is largely unexplored. Previous studies
in human cancer show that the inﬁltration of tumours by T cells
with a Trm cell-like phenotype correlates with improved overall
survival in early stage non-small-cell lung carcinoma, pulmonary
squamous cell carcinoma and high-grade serous epithelial ovarian
cancer19–21. In addition, recent results suggest that vaccination
routes that promote generation of Trm cells could be more
effective for anti-tumour response22,23. These ﬁndings prompted
us to analyse the relative contribution and plasticity of circulating
memory CD8þ T cells and Trm cells in a model of anti-tumour
vaccination.
In the present study, we demonstrate that circulating CD8þ T
cells and Trm cells cooperate in anti-tumour immunity. The
circulating memory compartment retains enough degree of
plasticity to become cells with a Trm phenotype within the
grafted tumour and reside in the skin after tumour elimination.
Immunotherapy with anti-PD-1 synergizes with transfer of
tumour-speciﬁc Tcm cells, increasing CD8þ T-cell inﬁltration
of tumours. In addition, Batf3-dependent DCs are crucial for
reactivation of circulating CD8þ T-cell memory, inducing anti-
tumour immunity. Knowledge on the generation of optimal
memory against tumour antigens is essential for improved cancer
immunotherapy.
Results
Both Trm and circulating memory promote anti-tumour
immunity. To investigate the potential interplay between cir-
cuQ5 lating memory and Trm CD8þ T cells in anti-tumour
immunity we ﬁrst infected mice with rVACV-OVA by different
routes and measured circulating and resident memory at 30 d.p.i.
Frequencies of endogenous OVA-speciﬁc circulating memory T
cells were similar regardless the infection route (Fig. 1a and
Supplementary Fig. 1a). Whereas intraperitoneal (i.p.) infection
with rVACV-OVA was inefﬁcient for the generation of Trm cells
in the skin or the lung, skin scariﬁcation (s.s.) in the tail promoted
Trm cells in the infection site and in a distant cutaneous site, and
intranasal (i.n.) infection induced Trm cells in the lung (Fig. 1b–d
and Supplementary Fig. 1b–d).
To address the contribution of circulating and Trm CD8þ T
cells to control tumour growth, mice were infected with rVACV-
OVA by s.s. or i.p. and, after generation of resident and/or
circulating memory from the endogenous repertoire 30 days
later12, were inoculated intradermally (i.d.) with B16-OVA cells
(Fig. 2a). We used the S1P antagonist FTY720 to block egress of T
cells from LN into blood12 and, in this way, limit the contribution
of circulating memory T cells to the recall response. FTY720
administration at 30 days following rVACV-OVA i.p. or s.s.
infection signiﬁcantly reduced the presence of blood OVA-
speciﬁc T circulating memory to the numbers observed in naive
mice (Fig. 2b,c). Circulating memory T cells generated by i.p.
vaccination with rVACV-OVA were sufﬁcient to delay B16-OVA
melanoma growth and this effect was signiﬁcantly impaired by
administration of FTY720 just before tumour inoculation and
during tumour growth (Fig. 2d), demonstrating that circulating
memory T cells protect against tumour development. However,
following s.s. with rVACV-OVA, FTY720 treatment failed to
reverse the enhanced tumour rejection (Fig. 2e), suggesting that
Trm cells generated by this route are also sufﬁcient for effective
anti-tumour immunity. Thus, both circulating memory and Trm
CD8þ T cells are sufﬁcient for anti-tumour immunity, resulting
in delayed growth of B16-OVA-derived melanoma.
Trm improve circulating memory-mediated immunity to
melanoma. To study the potential contribution of Trm cells to
control melanoma growth in the presence of circulating memory
T cells, we employed a parabiosis strategy with mice sharing
circulating memory, but with only one of the parabionts bearing
Trm (Fig. 3a). Accordingly, mice were infected by s.s. with
rVACV-OVA 30 days before surgical parabiosis with naive mice
and, after allowing a further 30-day period to equilibrate circu-
lating memory T cells (Fig. 3b), parabiont mice were separated,
allowed to recover and injected i.d. with B16-OVA cells. When
compared with tumour-challenged naive mice, both infected or
uninfected parabionts were signiﬁcantly protected (Fig. 3c,d).
However, when compared with uninfected partners that shared
circulating memory T cells, detectable tumour onset was delayed
in infected parabionts containing Trm cells (Fig. 3c). The delayed
tumour incidence in infected parabionts containing Trm cells also
resulted in signiﬁcantly reduced tumour growth (Fig. 3d). Thus,
the presence of Trm cells together with circulating memory T
cells improves anti-tumour immunity in contrast to an environ-
ment containing only circulating memory CD8þ T cells.
Plasticity of Tcm to become Trm upon viral challenge. Next, we
investigated the potential plasticity of circulating memory CD8þ
T cells to produce Trm cells. Naive OT-I (CD44loCD62Lhi) cells
are plastic and can become both circulating and skin-resident
memory T cells upon transfer to mice subsequently infected in
the skin with rVACV-OVA to favour Trm cell differentia-
tion13,24. Mice transferred with naive OT-I cells and challenged
i.d. with rVACV-OVA were used as source for OT-I Tcm cells 30
d.p.i. (Fig. 4a). Using naive OT-I cells as a positive control, we
tested whether transfer of OT-I Tcm cells (CD44hi CD62Lhi)
could generate Trm cells in the skin 30 days or 60 days after
infection i.d. with rVACV-OVA along with Tcm or naive OT-I
transfer (Fig. 4a). Notably, Tcm cells generated Trm cells, deﬁned
as OT-I T cells in the skin 30 days or 60 days after viral infection
and OT-I Tcm cell transfer, albeit with a lower efﬁciency than
naive T cells (Fig. 4b,c). The majority of skin OT-I Trm cells
derived from transferred OT-I Tcm cells showed stable CD69
expression with 50% of them co-expressing CD103 (Fig. 4d),
which is consistent with previous results12,13.
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Figure 1 | Generation of Trm cells after different routes of rVACV-OVA infection. (a) Frequency of endogenous OVA-speciﬁc circulating memory CD8þ
T cells in the draining LN (dLN) 30 days after i.p. (5 104 p.f.u.), s.s. (2 106 p.f.u.) or i.n. (5 104 p.f.u.) infection with rVACV-OVA. (b–d) Frequency
(top) and numbers (bottom) of endogenous OVA-speciﬁc Trm cells in the tail (b) and in the ear (c) 30 days after s.s. in the tail, and in the lung (d) 30 days
after i.n. infection with rVACV-OVA. (a–d) Pool of two independent experiments represented as individual data and mean±s.e.m. (n¼4–5 per group).
NS, not signiﬁcant, ***Po0.001; **Po0.01; *Po0.05 by one-way ANOVA, with Bonferroni post-hoc test.
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Figure 2 | Resident and circulating memory CD8þ T cells are sufﬁcient for anti-tumour immunity. (a) Scheme for FTY720 administration. Mice were
s.s. or i.p. vaccinated with rVACV-OVA. Starting at day 30, mice were treated i.p. with 50mg FTY720 every 4 days. At day 32, mice were inoculated (i.d.)
with B16-OVA (106 cells) in the ﬂank. (b,c) Absolute numbers of CD8þCD44þKbOVAþ circulating memory T cells in the blood 32 d.p.i. and treated or
not with FTY720 at day 30. (d,e) B16-OVA growth curve plotted as tumour size (mm3) over time. Simultaneous experiments compared to the same control
mice. Pool of two independent experiments represented as individual data and mean±s.e.m. (b,c) and as tumour size mean±s.e.m. (d,e) (n¼ 5–6 per
control group and 7–8 per vaccinated group). NS, not signiﬁcant, ***Po0.001; **Po0.01; *Po0.05 by one-way ANOVA (b,c), and two-way ANOVA (d,e)
with Bonferroni post-hoc test.
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To functionally demonstrate that OT-I Trm cells derived from
Tcm cells following viral infection were truly resident, we tested
their ability to migrate via blood or lymph once they were
established (Fig. 4e). Mice were transferred with OT-I Tcm cells
one day before infection with rVACV-OVA. After 30 d.p.i.,
surgical parabiosis of infected and naive mice was performed,
leaving 30 days to equilibrate circulating memory compartments.
Infected and non-infected parabionts were subsequently analysed
for the presence of OT-I circulating memory cells in the spleen
(Fig. 4f) and Trm cells in the ear (Fig. 4g,h). Only the infected
parabionts exhibited OT-I Trm cells in the ear skin, functionally
demonstrating that Trm derived from Tcm cells are unable to
migrate via blood or lymph.
Tcm give rise to Trm cells upon tumour inoculation. To ana-
lyse whether Tcm cell plasticity to generate Trm cells is also
found in the tumour setting, OT-I Tcm cells were transferred to
recipient mice that were subsequently inoculated i.d. with B16-
OVA cells or injected s.c. with MC38-OVA (Fig. 5a). Following
20 days of B16-OVA tumour development, OT-I cells with a Trm
cell-like phenotype, with most OT-I T cells expressing CD69 and
50% of them co-expressing CD103, were found in the tumour
mass (Fig. 5b–d). In addition, since Tcm transfer resulted in
elimination of MC38-OVA (Fig. 5e), we analysed the presence of
Trm cells in the skin that was in the proximity of the rejected
tumour. Skin OT-I Trm cells expressing CD69 and CD103 were
found 20 days and 45 days after tumour inoculation (Fig. 5f,g and
Supplementary Fig. 2a,b). These data support the notion that
Tcm retain potential to generate Trm cells upon tumour chal-
lenge. Such plasticity also contributes to explain that circulating
memory T cells are sufﬁcient for anti-tumour immunity.
Anti-PD-1 boosts Trm cells in the tumour after Tcm transfer.
Next, we wondered whether anti-PD-1 would synergize with Tcm
cell transfer for improved tumour immunotherapy. Indeed, Tcm
cells in the tumour draining LN and, particularly, Trm-like cells
inﬁltrating B16-OVA or MC38-OVA grafted tumours showed
high PD-1 expression (Fig. 6a,b and Supplementary Fig. 3a,b),
suggesting that their function could be enhanced by PD-1
blockade. We thus administered anti-PD-1 antibody con-
comitantly to Tcm transfer in a tumour therapy setting (Fig. 6c).
The combination of Tcm and anti-PD-1 delayed the development
of i.d. B16-OVA tumour (Fig. 6d) and s.c. MC38-OVA tumour
(Fig. 6e) when compared to the treatment with Tcm cells alone.
Notably, tumour-inﬁltrating lymphocytes with a Trm phenotype
were increased in numbers and frequencies within CD45þ cells
more than tenfold in average upon anti-PD-1 treatment in both
tumour settings (Fig. 6f,g and Supplementary Fig. 3c). In contrast,
anti-PD-1 treatment did not affect the numbers or frequencies of
OT-I Tcm cells in LNs draining B16-OVA (Supplementary
Fig. 3d) or MC38-OVA (Supplementary Fig. 3e) tumours. These
data show that anti-PD-1 treatment increases Trm-like tumour
cell inﬁltrate and improves anti-tumour immunity following
adoptive immunotherapy with Tcm cells.
Anti-tumour memory response is impaired in Batf3 / mice.
The generation of Trm cells but not circulating memory T cells by
rVACV infection is dependent on Batf3-dependent cross-pre-
senting DCs13. Consistent with this, we found that generation of
endogenous repertoire OVA-speciﬁc Trm cells induced by s.s.
with rVACV-OVA (Fig. 7a,b), but not circulating memory
CD8þ T cells (Fig. 7c), was impaired in Batf3 / mice. We
therefore hypothesized that impaired Trm cell generation in
Batf3 / mice could lead to a defective anti-tumour response.
We found that Batf3 signiﬁcantly contributed to anti-tumour
immunity following s.s. of mice with rVACV-OVA (Fig. 7d).
Batf3 was also required for effective anti-tumour response after
i.n. infection with rVACV-OVA and subsequent intravenous
(i.v.) challenge with B16-OVA cells (Fig. 7e). These results
supported our initial hypothesis, as both s.s. and i.n. routes of
infection generate Trm cells. However, Batf3 was also required to
control tumour growth following routes that do not produce
Trm, such as i.p. infection with rVACV-OVA and i.d. challenge
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Figure 3 | Trm cells improve circulating memory-mediated immunity to melanoma. (a) Scheme for parabiosis strategy. Mice were s.s. and i.d. vaccinated
with rVACV-OVA. After 30 days, vaccinated mice were each surgically joined with a naive mouse. Thirty days after surgery, parabiotic pairs were separated
and allowed to recover for 30 days before i.d. inoculation of B16-OVA (106 cells) in the ﬂank. (b) Frequency (top) and absolute numbers (bottom) of
CD8þCD44þKbOVAþ circulating memory T cells in the blood after parabiosis and before tumour inoculation. (c) Tumour incidence represented as the
frequency of detectable tumours incidence over time. The dashed line indicates 50% of tumour incidence. (d) Tumour growth curve plotted as tumour size
(mm3) over time. Pool of two independent experiments represented as individual data and mean±s.e.m. (b), as percentages (c) and as tumour size
mean±s.e.m. (d) (n¼ 5–6 per control group and 8–9 per vaccinated group). NS, not signiﬁcant, ***Po0.001; **Po0.01; *Po0.05 by two-tailed unpaired
Student’s t-test (b), Cox mixed model (c) and two-way ANOVA (d) with Bonferroni post-hoc test.
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rVACV-OVA and i.v. challenge with B16-OVA cells (Fig. 7g).
Collectively these results demonstrate that Batf3-dependent DCs
contribute to the anti-tumour CD8þ T-cell memory response
independently of their role in the generation of Trm cells.
Reactivation of Tcm cells is mediated by Batf3-dependent DCs.
We next examined the possible mechanisms underlying the
crucial need for Batf3-dependent DCs in anti-tumour memory
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Figure 4 | Plasticity of central memory Tcells to become Trm cells upon viral infection. (a) Scheme for testing Tcm cells plasticity. For generation of Tcm
cells, mice were transferred with OT-I CD45.1þ Tcells (1–3 105 cells) and subsequently i.d. infected with rVACV-OVA (5 104 p.f.u.) in the ear. After 30
days, Tcm cells were sorted and transferred as indicated. (b–d) Mice were transferred with naive OT-I CD45.1þ Tcells or OT-I CD45.1þ Tcm cells one day
before i.d. challenge with rVACV-OVA in the ear. (b) Representative FACS dot-plots showing OT-I cells in the CD45þ population in the ear at the indicated
days p.i. (c) Frequency within CD45þ cells (left) and absolute numbers (right) of CD69þCD8þ T cells in the ear at the indicated day p.i.
(d) Representative FACS dot-plots (left) and frequency (right) of Trm expression markers in OT-I cells 30 d.p.i. (e) Scheme showing the parabiosis strategy.
Mice were transferred with OT-I CD45.1þ Tcm cells before i.d. ear infection with the rVACV-OVA. After 30 days, transferred and vaccinated mice were
each surgically joined with a naive mouse. Thirty days after surgery, the ears of parabiont pairs were analysed for Trm detection by FACS. (f) Frequency
(top) and absolute numbers (bottom) of CD8þCD44þKbOVAþ circulating memory T cells in the spleen after 30 days of parabiosis. (g) Representative
FACS dot-plots for OT-I cells identiﬁcation in CD45þ population in the ear (left top, infected parabiont; left bottom, uninfected parabiont) with a Trm
phenotype (right, infected parabiont). (h) Frequency (top) and absolute number (bottom) of CD69þCD8þ T cells in the ear of the indicated parabiont.
Pool of two independent experiments represented as mean±s.e.m. (c) (n¼ 5–6 per group), as individual data and mean±s.e.m. (d,f,h) (n¼ 5–6 per
group). NS, not signiﬁcant, ***Po0.001; **Po0.01; *Po0.05 by two-tailed unpaired Student’s t-test (c,d,f) and two-tailed nonparametric Mann–Whitney
test (h).
NATURE COMMUNICATIONS | DOI: 10.1038/ncomms16073 ARTICLE
NATURE COMMUNICATIONS | 8:16073 | DOI: 10.1038/ncomms16073 |www.nature.com/naturecommunications 5
CD8þ T cells raised in Batf3 / mice were not functional for
anti-tumour immunity, we i.d. infected WT and Batf3 / mice
with rVACV-OVA following OT-I cells transfer, and then
transferred puriﬁed OT-I Tcm cells to WT recipients (Fig. 8a).
Following i.d. challenge with B16-OVA cells, Tcm cell transfer
was equally effective in delaying tumour growth irrespective of
whether they were generated in WT or in Batf3 / mice
(Fig. 8b). We thus hypothesized that recipient Batf3-deﬁcient
DCs would mediate inefﬁcient reactivation of the transferred Tcm
against the tumour. To test this, we generated OT-I Tcm cells in
WT (Fig. 8c) or Batf3 / (Fig. 8d) donor mice and transferred
them to WT or Batf3 / mice recipients that were i.d. chal-
lenged with B16-OVA cells. Independently of the origin of Tcm
cells, transfer to Batf3 / recipients resulted in impaired anti-
tumour immunity with respect to transfer to WT recipients
(Fig. 8c,d). These data demonstrate that Batf3-dependent DCs are
requisite for reactivation of Tcm cells promoting anti-tumour
immunity.
Discussion
Optimal tumour immunotherapy should generate a potent
memory CD8þ T cell to prevent local relapse and metastasis.
Memory CD8þ T cell can be either circulating or resident in the
tissues (Trm) exhibiting different priming and differentiation
requirements3,5,6,13. Circulating memory and Trm cells also show
different effector behaviour6, but their interplay in tumour
immunity remains poorly characterized. In the present study, we
demonstrate that circulating memory CD8þ T cells and Trm
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Figure 5 | Central memory T cells give rise to Trm cells after tumour inoculation. (a) Scheme for testing Tcm cells plasticity. For Tcm cells generation,
mice were transferred with OT-I CD45.1þ Tcells (1–3 105 cells) and subsequently i.d. infected with rVACV-OVA (5 104 p.f.u.) in the ear. After 30 days,
Tcm cells were sorted and used for transfer. Mice were transferred with OT-I CD45.1þ Tcm cells 1 day before i.d. injection with B16-OVA (b–d) or s.c.
injection with MC38-OVA (e–g) in the ﬂank. (b) Frequency (left) and absolute numbers (right) of OT-I cells in B16-OVA-derived cell suspensions with the
indicated phenotype in tumour-bearing mice for 23 days. (c) Representative FACS dot-plots for OT-I identiﬁcation (left) and Trm expression markers
(right). (d) Frequency of Trm expression markers in OT-I cells in B16-OVA-bearing mice. (e) MC38-OVA growth curve plotted as individual tumour size
(mm3) over time in control mice (top) and in mice treated with Tcm the day before tumour inoculation (bottom). Frequency (top) and absolute numbers
(bottom) of OT-I cells in skin-derived cell suspensions with the indicated phenotype, in MC38-OVA-free mice after 20 days (f) and 45 days (g) of tumour
inoculation. Pool of three (b,d) and two (e–g) independent experiments represented as individual data and mean±s.e.m. (b,d,f,g) (n¼ 3–5 per group) and
as growth curve of individual tumours (e) (n¼ 5 and 11 per control group and n¼ 10 and 7 per Tcm transferred group).
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memory compartment retaining enough degree of plasticity to
become resident memory cells within the grafted tumour or in the
proximal skin following tumour elimination. Notably, anti-PD-1
therapy synergizes to improve anti-tumour immunity following
Tcm transfer. Moreover, Batf3-dependent DCs are crucial for
reactivation of circulating CD8þ T-cell memory for anti-tumour
immunity.
Trm cells are generated following most viral infections
affecting the skin or mucosae6 and are broadly distributed in
tissues7. Trm cells respond faster to stimulation than circulating
memory T cells, and they are equipped with a more potent
effector response than their circulating counterparts11. Moreover,
Trm cells provide superior protection upon viral reinfection in
skin or mucosae and are sufﬁcient to control viral reinfection in
the presence of FTY720, which prevents the contribution of
circulating memory T cells12. Our experiments using FTY720
showed that Trm were potentially sufﬁcient for anti-tumour
immunity. However, we also found that circulating memory
CD8þ T cells mediate effective anti-tumour immunity, in
agreement with previous results25. Using a parabiosis strategy,
we demonstrate that melanoma tumour growth is slower in mice
containing both Trm and circulating memory T cells than in
parabionts containing only circulating memory T cells, thus
supporting the notion that resident and circulating memory
subsets cooperate for enhanced anti-tumour immunity. The
differential kinetics in the effector response of resident and
circulating memory subsets has been shown in other
experimental settings, such as cutaneous hypersensitivity, where
Trm mediate rapid responses, whereas circulating memory T cells
mediate delayed hypersensitivity26. Conceivably upon viral
rechallenge, Trm cells trigger a local alarm state that promotes
immunity9,10,27. Our data showing delayed tumour incidence and
growth in the presence of Trm suggest that these cells could be
particularly efﬁcient in preventing metastasis.
The plasticity of Tcm cells to generate Trm cells had not been
previously addressed. Tcm and Trm cells have a clonal origin,
sharing TCR repertoires26, but display distinct priming
requirements in the LN13. Optimal generation of Trm cells
following rVACV infection requires unique priming signals
provided by Batf3-dependent DCs that favour T-bet expression
and LN retention13. Subsequently, Trm cells migrate to the tissue,
where the local microenvironment conditions Trm cells
differentiation6,7,28. Tcm cells exhibit more stem-like and
proliferative capacities after re-exposure to antigen, whereas
Trm cells have a higher effector capacity and trigger a local alarm
state8–10. We found that adoptive transfer of Tcm cells generates
skin Trm cells upon rVACV infection. Moreover, following






































































































































































































Figure 6 | Anti-PD1 boosts Trm-like cells in the tumour after Tcm transfer. (a,b) Untreated mice or mice injected i.d. with B16-OVA (a) or s.c. with
MC38-OVA (b) were transferred with OT-I Tcm cells. Expression of PD-1 in OT-I cells was analysed 7 days later in draining LNs (dLN) or tumours. (c) Mice
were injected with the indicated tumours, transferred i.v. with OT-I CD45.1þ Tcm cells, and treated with anti-PD-1. (d,e) tumour weight at the time of killing
following B16-OVA (d) or MC38-OVA (e) inoculation. (f,g) Frequency (top) and numbers (bottom) of OT-I CD69þ inﬁltrating B16-OVA (f) or MC38-OVA
(g) tumours in mice treated as indicated (c). Pool of four (d) and three (a,b,e–g) independent experiments represented as individual points and
mean±s.e.m. (a,b) (n¼ 2–3 per control group, 3–4 per tumour group), (d–g) (n¼ 3–5 per group). NS, not signiﬁcant, ***Po0.001; **Po0.01; *Po0.05 by
one-way ANOVA (a,b) with Bonferroni post-hoc test, two-tailed unpaired Student’s t-test (f top) and two-tailed nonparametric Mann–Whitney test
(d-f bottom, g).
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phenotype within the tumour or in the proximal skin following
tumour rejection. The capacity to generate Trm cells subsets upon
reinfection or tumour challenge supports at least partial stemness
properties of Tcm cells, which do not convert into Trm under
steady-state conditions in the absence of viral infection or tumour
implantation12.
DCs are essential for anti-tumour immunity by adoptively
transferred T cells, since transfer of preactivated OT-I cells to
DC-depleted mice leads to impaired protection against tumour
cells expressing OVA15. In the tumour context, recent studies
show that Batf3-dependent CD103þ DCs play a crucial role in
anti-tumour immunity15–18,29. Batf3-dependent DCs cross-
present tumour antigens and generate a baseline anti-tumour
response that can be potentiated by immunostimulating
antibodies in synergy with expansion and activation of this DC
subset using Flt3L and poly I:C (refs 17,18). Batf3-dependent DCs
are also major producers of IL-12, not only in infectious
settings30–32, but also in the context of tumours, where IL-12
contributes to CD8 effector function29. In addition, Batf3-
dependent DCs are required for the recruitment of naive
CD3þ T cells to the tumour site16 in a spontaneous melanoma
model. Here we show that Batf3-dependent DCs are needed for
effective reactivation of Tcm cells to promote anti-tumour
immunity, which further supports the crucial role of this DC
subset in tumour immunology and immunotherapy, not only for
the primary response, but also for the memory response. Our data
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Figure 7 | Anti-tumour memory response is impaired in Batf3 / mice. (a–c) Frequency (left) and absolute numbers (right) of endogenous OVA-
speciﬁc Trm cells in the tail (a) and in the ear (b), and frequency of Kb-OVAþ circulating memory T cells in the draining LNs (dLN) (c) 30 days after s.s.
infection with rVACV-OVA in the tail of WTand Batf3 / mice. (d–g) WTand Batf3 / mice were infected with rVACV-OVA by s.s. in the tail (d) i.n.
(e) or i.p. (f,g). After 30 days, mice were i.d. inoculated with B16-OVA in the ﬂank (d,f) and B16-OVA growth curve plotted as tumour size (mm3) over time
(right). Alternatively, B16-OVA was injected i.v. (3 105 cells) 30 days later (e,g) and number of lung B16-OVA nodules after 20 days since intravenous
tumour challenge (right). (g) Representative images of lung B16-OVA metastatic nodules (bottom left). Pool of two independent experiments represented
as individual data and mean±s.e.m. (a–c,e,g) (n¼ 5–7 per group) and as tumour size mean±s.e.m. (d,f) (n¼ 6–8 per group). NS, not signiﬁcant,
***Po0.001; **Po0.01; *Po0.05 by two-tailed unpaired Student’s t-test (a–c), two-way ANOVA (d,f) and one-way ANOVA (e,g) with Bonferroni post-hoc
test.
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in the tumour context concur with previous data on the role of
Batf3-dependent DCs in reactivation of memory CD8þ T-cell
recall response upon infection with Listeria monocytogenes,
vesicular stomatitis virus or vaccinia virus33. We cannot rule out,
however, that the role of Batf3-dependent DCs in generation of
Trm13 is also important in the context of tumours or that
additional DC subsets may activate Trm34.
Our results suggest that CD8-mediated anti-tumour immunity
arises from the interplay between resident and circulating
memory CD8þ T cells. Circulating memory cells show enough
plasticity to generate Trm cells upon tumour challenge and they
both express PD-1, similarly to CD103þ T cells inﬁltrating high-
grade serous epithelial ovarian cancer35. Thus, anti-PD-1 therapy
synergizes with transfer of Tcm cells for improved anti-tumour
immunity, increasing the inﬁltration of Trm-like cells expressing
PD-1 within the tumour. These results concur with previous
results showing that anti-PD-1 expands intratumoural memory T
cells in patients36. Within samples of melanoma, immune
checkpoints are particularly enriched within T cells with
phenotype and genomic features of Trm cells, suggesting that
the Trm subset of TILs may be the major target of immune
checkpoint blockade37. Moreover, other immunostimulatory
antibodies, such as anti-CD137, could also enhance the resident
memory response38. In conclusion, our results support the notion
that anti-tumour vaccination strategies should aim at the
generation of both circulating and resident memory CD8þ
T-cell subsets22,23,39, which could synergize with checkpoint
antibody therapy for improved cancer immunotherapy.
Methods
Mice. Mice were bred and housed at the CNIC animal facility in speciﬁc pathogen-
free conditions. Batf3 / mice on the C57BL/6 background were kindly provided
by Dr K.M. Murphy (Washington University, St Louis, MO, USA)14. OT-I
transgenic mice (C57BL/6-Tg (TcraTcrb)1100Mjb/J) were mated with B6-SJL
(Ptprca Pepcb/BoyJ) mice expressing the CD45.1 allele, both from The Jackson
Laboratory (Bar Harbor, ME, USA). We used 7- to 10-week-old animals (males or
females) for all experiments. Experiments were repeated 2–3 times to reach
statistical signiﬁcance. No blinding or randomization strategy was used and no
animal was excluded from analysis. The local ethics committee approved all animal
studies. All animal procedures conformed to EU Directive 2010/63EU and
Recommendation 2007/526/EC regarding the protection of animals used for
experimental and other scientiﬁc purposes, enforced in Spanish law under Real
Decreto 1201/2005. Mice were allocated randomly in the different experimental
procedures.
Viral infection and tumour challenge. Recombinant vaccinia virus expressing
full-length ovalbumin (OVA) protein (rVACV-OVA) was a gift from J.W. Yewdell
and J.R. Bennink (NIH, Bethesda, MD, USA) and was kindly provided by M. del
Val (CBMSO, Madrid, Spain). Growth of viral stocks and titration was performed
as described in CV1 cells40. Mice were infected with rVACV-OVA by the following
routes: s.s. at the base of the tail (1–2 106 p.f.u.) or in the back (106 p.f.u.), i.d. in
the ear pinnae (5 104 or 106 p.f.u.), i.n. (5 104 p.f.u.) or i.p. (5 104 or
1–2 106 p.f.u.). T cells were considered memory cells 30 d.p.i (ref. 12). Mice were
inoculated with the OVA-expressing B16 melanoma cell line (B16-OVA)17 i.d. in
the ﬂank (106 cells) or OVA-expressing MC38 tumour cell line (MC38-OVA)17 s.c.
in the ﬂank (2 106 cells), and tumour growth was monitored for 20–30 days.
Tumour volumes were calculated using the following formula: V¼D d2/2, where
V is volume (mm3), D is larger diameter (mm) and d is smaller diameter (mm).
Alternatively, mice were injected i.v. with B16-OVA (3 105 cells) and killed 20
days later. Lungs were ﬁxed in Fekete’s solution and tumours were counted.
FTY720 (Cayman Chemical) was administered i.p. at a dose of 2.5mg kg 1 in
aqueous solution every 4 days. All cell lines used were tested for mycoplasma
routinely.
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Figure 8 | Reactivation of anti-tumour Tcm cells is mediated by Batf3-dependent DCs. (a) For Tcm cell generation, WT and/or Batf3 / mice were
transferred with OT-I CD45.1þ Tcells 1 day before i.d. infection with rVACV-OVA in the ear. After 30 days, OT-I CD45.1þ Tcm cells from donor mice were
sorted and transferred to WT and/or Batf3 / recipient mice. One day after transfer, mice were inoculated with B16-OVA cells (i.d.) in the ﬂank.
(b–d) B16-OVA growth curve plotted as tumour size (mm3) over time in the indicated recipient mice transferred with Tcm cells from the indicated donor
mice. Pool of two independent experiments represented as tumour size mean±s.e.m. (b–d) (n¼6–8 per group). NS, not signiﬁcant, ***Po0.001;
**Po0.01; *Po0.05 by two-way ANOVA (b–d) with Bonferroni post-hoc test.
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Generation and analysis of OT-I Tcm and Trm cells. To generate OT-I Tcm cells,
mice were transferred i.v. with 1–3 105 naive OT-I cells 1 day before i.d. ear
infection with rVACV-OVA (5 104 p.f.u.). Tcm cells were FACS-sorted (Sy3200,
Sony) from spleens and draining LNs 30 d.p.i. Mice were transferred with 104 naive
OT-I or 1–2 104 OT-I Tcm cells 1 day before virus challenge, with 2 104 OT-I
Tcm cells 1 day before B16-OVA inoculation and 3 103 or 2 104 OT-I Tcm
cells 1 day before MC38-OVA inoculation. For virus challenge, mice were infected
with rVACV-OVA (5 104 p.f.u.) i.d. in the ear, and the memory response was
analysed at 30 days or 60 d.p.i. Tumour inoculation (B16-OVA cells, i.d.; MC38-
OVA cells, s.c.) was performed as indicated above. For analysis of tumour-inﬁl-
trating lymphocytes, mice were killed 20–23 days after tumour inoculation. For
analysis of skin-inﬁltrating lymphocytes, mice were killed 20 or 45 days after
tumour inoculation. For anti-PD-1 antibody treatment, mice were transferred with
1–2 104 OT-I Tcm cells when the tumour reached 100–150mm2 (day 7, for B16-
OVA; day 15–18, for MC38-OVA), and inoculated i.p. the same day of the Tcm
transfer and 3 days later, with 100 mg of anti-PD-1 antibody (RMP1-14, BioXcell).
For FACS analysis mice were killed at day 7 after Tcm transference.
Parabiosis. Parabiosis was performed as described12. For tumour inoculation,
wild-type (WT) mice were infected with rVACV-OVA (106 p.f.u.) by s.s. in the tail
and in the back and i.d. in the ear 30 days before surgical joining with naive mouse
to create parabionts. After 30 days, mice were separated and kept for recovery after
surgery for 30 days. Finally, both parabiont mice were i.d. challenged with B16-
OVA cells as indicated. To analyse the migratory capacity of Trm cells that derive
from Tcm cells, WT mice were transferred with 2 104 OT-I Tcm cells i.v. one day
before i.d. infection with rVACV-OVA (5 104 p.f.u.) in the ear. After 30 days,
infected mice were joined with naive mice and kept in parabiosis for 30 days.
Finally, ears and spleens of both parabionts were analysed by FACS.
Flow cytometry. Allophycocyanin-labelled dextramers speciﬁc for OVA H-2Kb
(257-SIINFEKL-264) were purchased from Immudex (Copenhagen, Denmark).
Samples for ﬂow cytometry were stained with the appropriate antibody cocktails in
ice-cold PBS supplemented with 2mM EDTA and 1% FBS. Anti-mouse CD45
(clone 30F11), CD8a (clone 53-6.7), CD103 (clone 2E7), CD44 (clone IM7),
CD45.1 (clone A20) and CD45.2 (clone 104) antibodies were obtained from
eBioscience. Anti-mouse CD62L (clone MEL-14) and CD69 (clone H1.2F3) anti-
bodies were obtained from BD Biosciences. Anti-mouse CD279 (PD-1, clone
29F.1A12) was obtained from Biolegend. Events were acquired using an LSRFor-
tessa SORP (Becton Dickinson) ﬂow cytometer or Spectral Cell Analyzer SP6800
(Sony) and data were analysed using FlowJo V10 software (Tree Star).
Statistical analysis. Statistical analysis was performed using Prism v6 (GraphPad
Software Inc., La Jolla, CA, USA). We estimated a priori that minimal informative
differences are 1 SD, and estimated sample sizes using software ‘Gpower 1.3’,
taking into account the following considerations. (a) The differences to be detected,
1 SD comparing each group of mice. Ratio (effect size) differs to detect/SD¼ 1. (b)
Taking into account the above data, the number of animals in total for a contrast
t-test of mean differences between two independent groups with two tails is 17.
Power¼ 0.8 and signiﬁcance level¼ 0.05. Variance equality among groups was
determined using F-test. Statistical signiﬁcance for comparison between two groups
of samples showing a normal distribution (Shapiro–Wilk test for normality) was
determined using the unpaired two-tailed Student’s t-test. For comparison between
two groups with a no normal distribution, two-tailed Mann–Whitney nonpara-
metric test was used. For comparison of more than two groups, one-way or two-
way ANOVA with Bonferroni post-hoc test was used. For Fig. 3c, Cox mixed model
was applied when comparing tumour incidence of two groups, keeping the
information about the experimental groups. We used the coxme function of the R
package with the same name, to the cohort between day 0 and day 17, where two
parabiont groups reach 50% of incidence. A P value o0.05 was considered
signiﬁcant.
Data availability. The authors declare that the data supporting the ﬁndings of this
study are available within the article and its Supplementary Information ﬁles, or
available fromQ2 the authors on request.
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Sensing of microbe-associated molecular patterns or danger signals by innate immune 
receptors drives a complex exchange of information. Innate receptor signaling not only 
triggers transcriptional events but also induces profound changes in metabolic fluxes, 
redox balance, and metabolite abundance thereby influencing immune cell function. 
Mitochondria are at the core of metabolic adaptation to the changing environment. The 
close interaction between mitochondrial metabolism and immune signaling has emerged 
as a central regulator of innate sensing. Metabolic processes generate a constant flow of 
electrons that eventually end up in the mitochondrial electron transport chain (ETC). Two 
electron carriers and four respiratory complexes that can assemble as larger molecular 
supercomplexes compose the ETC in the mitochondrial inner membrane. While the 
meaning and biological relevance of such structural organization is a matter of passion-
ate debates, recent data support that innate stimuli remodel the ETC. We will review the 
function of mitochondrial metabolism and ETC dynamics as innate rheostats that reg-
ulate signaling, transcription, and epigenetics to orchestrate innate immune responses.
Keywords: innate immune response, immunometabolism, electron transport chain, mitochondria, macrophages, 
dendritic cells, cytokines, inflammation
inTRODUCTiOn: MYeLOiD CeLLS RePROGRAM THeiR 
MeTABOLiSM in ReSPOnSe TO enviROnMenTAL CUeS
Ligation of pattern recognition receptors, cytokine receptors, and phagocytosis of dying or dead cells 
provoke key changes in myeloid cell metabolism that are only beginning to be explored (1). As an 
example, tissue damage-derived signals can modulate myeloid cell metabolic reprogramming since 
uptake of apoptotic cells increases the mitochondrial membrane potential to downregulate phago-
cytosis (2). Another relevant example of metabolic consequences induced by innate immune signal 
is the stimulation of mouse macrophages and bone marrow-derived dendritic cells differentiated 
with GM-CSF (GM-DCs) with agonists for toll-like receptors (TLRs) or for the β-glucan receptor 
Dectin-1, which result in aerobic glycolysis (the Warburg effect) (1, 3–8). Many recent reviews have 
already remarkably described the recent advances in our understanding of metabolic reprogram-
ming from a “metabolic flux” point of view (1, 9–13). However, recent works have provided new 
elements on the mechanisms bridging innate immune recognition and mitochondrial metabolic 
functions, suggesting that mitochondria regulate their electron flow as adaptation to innate immune 
signals. Here, we will summarize some of these findings that point toward a key function of the 
mitochondrial respiratory chain in governing innate immune cell fate.
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MiTOCHOnDRiA, A MeTABOLiC 
RHeOSTAT FOR innATe iMMUne 
ReCePTORS
Metabolism As a Flow of electrons
Metabolism is often seen as a complex arrangement of metabolic 
fluxes, redox signaling, and translational or posttranslational 
events that are mutually dependent. However, metabolism can 
also be seen as a flow of electrons through multiple parallel and 
alternative pathways where metabolites act as potential carriers of 
electrons. From this point of view, the main and ultimate acceptor 
of electrons is the mitochondrial electron transport chain (ETC). 
Many catabolic processes indeed supply electrons to the ETC 
in the form of reducing equivalents of nicotinamide adenine 
dinucleotide (NADH) or flavin adenine dinucleotide (FADH2), 
whose relative proportion depends on the nature of the fuel used 
(14). The capacity of the cell to use different fuels efficiently is 
thus critical for its ability to adapt to changing environmental 
cues (15). Mitochondria must therefore regulate their location, 
biogenesis, fusion or fission, structure, and internal metabolite 
fluxes in response to changes in fuel source or signals received 
by cell membrane receptors or intracellular sensors. In turn, 
mitochondria control cell metabolism by governing the bal-
ance of anabolism (lipogenesis and antioxidant defenses from 
citrate, gluconeogenesis, serine, and glycine biosynthesis from 
pyruvate, nucleotide biosynthesis) and catabolism (Krebs cycle, 
β-oxidation, oxidative phosphorylation) (16). Mitochondria are 
central for ATP synthesis, redox balance, reactive oxygen species 
(ROS) production, thermogenesis, and generation of metabolites, 
all of which impact cell function. Since the release of cytochrome 
c to the cytosol is a major trigger for apoptosis, mitochondria also 
regulate cell survival.
The ETC comprises two electron carriers [coenzyme Q (CoQ)/
ubiquinone and cytochrome c] and four respiratory complexes 
[complexes I–IV (CI–CIV)], which, excluding CII, can assemble 
as larger molecular supercomplexes (SCs) in the mitochondrial 
inner membrane (16) (Figure 1). The assembly of SCs is dynamic 
and may adapt the electron flux to the available substrates 
(17, 18). The nature of the fuel conditions the proportion of 
electrons feeding into the ETC from NADH and FADH2, with 
a NADH/FADH2 electron ratio of 5 following full oxidation of 
glucose and a ratio of 2 following oxidation of the fatty acid 
palmitate (14, 17, 18). The H+ gradient generated by the ETC is 
then used by the H+-ATP synthase (CV) to generate ATP. Recent 
results support the notion that innate sensing of microbial features 
leads to adaptations in SC assembly and electron flow through the 
ETC in mouse macrophages (5, 19) suggesting that ETC exerts 
key functions in macrophage activation processes (Figure 1).
Mitochondria As Platforms for innate 
Signaling
Mitochondria can both generate ligands and serve as signaling 
platform for innate sensing receptors (12). First, some mito-
chondrial-derived molecules trigger immune receptors. This is 
the case for mitochondrial N-formyl peptides, which are damage-
associated molecular patterns that activate receptors such as 
formyl peptide receptor-1 to promote cytokine production (20). 
Furthermore, mitochondrial DNA (mtDNA) has hypometh-
ylated CpG that can trigger TLR9 activation (20). mtDNA 
can access the cytosol through an altered permeability of the 
mitochondrial membrane to activate the NLRP3 inflammasome 
(21, 22). Later, it was discovered that glycolytic enzymes can 
directly contribute to innate sensing of microbes. Hexokinase is 
a glycolysis enzyme associated with the voltage-dependent anion 
channel (VDAC) in the outer mitochondrial membrane (23). 
Following degradation of microbe-associated peptidoglycans in 
the phagosomes of mouse macrophages and DCs, peptidoglycan-
derived N-acetylglucosamine binds to hexokinase causing its dis-
sociation from the mitochondria outer membranes and VDAC 
(24). The NLRP3 inflammasome is subsequently activated, 
possibly relying on variations of the mitochondrial membrane 
permeability and the access of mtDNA to the cytosol. Thus, 
hexokinase moonlights as a regulator of NLRP3 activation and 
subsequent maturation of pro-IL-1β to promote an antibacterial 
pro-inflammatory response (24, 25). In addition, cytosolic loca-
tion of mtDNA can also induce antiviral immunity by triggering 
the DNA sensor cGAS and the STING-IRF3-dependent pathway 
to promote IFN-I production (26).
Another example of how the outer mitochondrial membrane 
acts as a scaffold structure involved in innate sensing is the 
mitochondrial antiviral-signaling protein (MAVS) that binds 
to mitochondrial-associated membranes connecting the endo-
plasmic reticulum to the outer mitochondrial membrane (27). 
RIG-I binds to and promotes MAVS aggregates in the outer 
mitochondrial membrane to trigger downstream signaling (28). 
Thus, signaling and adaptor proteins downstream of pattern 
recognition receptor (PRR) sensing pathways can localize to 
mitochondria raising the possibility that PRRs could modulate 
mitochondrial functions. Such a regulatory role has been already 
suggested for tumor necrosis factor receptor-associated factor 6 
(TRAF6), which can interact with evolutionarily conserved sign-
aling intermediate in toll pathways (ECSIT), a protein involved 
in CI assembly (29, 30).
Metabolic Reprogramming in 
Macrophages upon innate immune 
Receptor engagement
The specificities of macrophage metabolism compared to other 
immune cells have been a subject of interest for a long time as 
exemplified by pioneer works from the 80s (31–33). Our current 
appreciation of metabolic reprogramming led us to postulate that 
most inflammatory agonists for PRRs engage similar metabolic 
adaptations, although some specificities on the outcomes for 
host defense may exist. The main characteristic of metabolic 
adaptations upon innate immune receptor engagement is a strong 
induction of glycolysis even in presence of substantial oxygen 
(1, 3–8). Indeed, mouse macrophage stimulation with the TLR4 
agonist lipopolysaccharide (LPS), the main component of Gram-
negative bacterial cell wall, induces the activation of transcription 
factor hypoxia-inducible factor-1α (HIF-1α) (8) that controls the 
expression of several enzymes implicated in glycolysis (34, 35). 
LPS-activated mouse macrophages express a highly active 
FiGURe 1 | Mitochondrial respiratory chain adaptations following innate immune sensing. Mitochondrial respiratory complexes, except for CII, can 
associate into supercomplexes (SCs) including the respirasome, composed of CI + CIII2 + CIV (left panel). In lipopolysaccharide (LPS)-stimulated mouse 
macrophages, SC assembly is preserved (upper left) but there are functional adaptations such as increase in CII (succinate dehydrogenase) activity, which enhances 
succinate oxidation along with increased mitochondrial membrane potential and decreased mitochondrial ATP synthase-mediated production of ATP (upper right). 
This is accompanied by a decrease in the NAD+/NADH ratio, supporting a possible reverse electron transport (RET) from coenzyme Q to CI thereby inducing the 
production of mitochondrial reactive oxygen species (mROS). Upon detection of live Escherichia coli, increase in phagosomal reactive oxygen species mediates 
Fgr-dependent activation of CII and decrease in CI-containing SCs probably due to CI disassembly. This provokes a change in electron flow in the electron transport 
chain, with a drop in the entry of electron derived from NADH that is compensated by the induction of the activities of FADH2-consuming enzymes CII and 
mitochondrial glycerol-3-phosphate dehydrogenase (mG3PDH). The increase in CII activity generates fumarate that modulates macrophage function.
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isoform of phosphofructokinase-2 that promotes glycolysis (36) 
and LPS induces pyruvate kinase M2, which associates with 
and stabilizes HIF-1α to further induce glycolysis and enhance 
proinflammatory cytokines (37, 38). Such induction of glycolytic 
flux was also found in phagocytic cells activated through TLR2 
(4, 39), TLR3 (4, 5), TLR7/8 (4, 5), TLR9 (4, 40), or Dectin-1 
(3, 41), indicating that enhanced glycolysis might be a common 
feature to PRR-activated cells. The detection of a number of 
microbes including Salmonella typhimurium (5, 37), Escherichia 
coli (5), or Mycobacterium tuberculosis (37, 42, 43) strongly 
induce glycolysis in mouse macrophages. However, inflamma-
some activation of caspase-1 mediates the cleavage of glycolytic 
enzymes, e.g., during NLRC4 sensing of S. typhimurium (44) 
highlighting the complex interplay between PRRs and myeloid 
cell metabolism. In fact, induction of glycolysis does not seem 
to solely contribute to metabolic reprogramming but might also 
directly sustain pathogen sensing and host defense.
Although glycolysis is thought to largely contribute to ATP 
production in activated myeloid cells (40, 45), it also provides 
metabolic intermediates that could feed other metabolic pathways 
to serve macromolecule synthesis (45). Along with glycolysis, the 
pentose phosphate pathway (PPP) is induced in LPS-activated 
mouse macrophages (7). The mechanisms engaged are not fully 
understood, but they likely involve the inhibition of the PPP 
inhibitor carbohydrate kinase-like protein (46).
Because the glucose catabolic product pyruvate is diverted 
from entry to mitochondria in activated macrophages and is 
rather metabolized to lactate, it was tempting to speculate that 
engagement of innate immune receptors could globally dampen 
mitochondrial respiration. However, innate stimulation also 
activates pathways such as glutaminolysis to replenish the tri-
carboxylic acid (TCA) cycle and maintain global metabolic flux 
(7, 8, 47) likely avoiding cell death. Thus, a significant activity 
of the mitochondrial respiratory chain and the mitochondrial 
membrane potential must be maintained. This is partially 
achieved by an increase in anaplerosis including glutaminolysis 
(7, 8), which feeds the TCA cycle at α-ketoglutarate, and the 
aspartate–argininosuccinate shunt, which feeds the TCA cycle 
at malate and fumarate (7). Glutaminolysis is also enhanced in 
human monocytes trained with β-glucan, which triggers the 
C-type lectin receptor Dectin-1 (41, 48), suggesting that induc-
tion of such metabolic feature is not limited to TLRs. Therefore, 
an important issue to address is whether different PRRs induce 
specific metabolic reprogramming signatures, which would allow 
specific manipulation of myeloid cell metabolism for therapy.
How innate immune receptors regulate lipid metabolism in 
macrophages is a field of active research. On the one hand, engage-
ment of TLRs upon recognition of various bacteria enhances 
fatty acid uptake and incorporation to triglycerides for storage 
and simultaneously decrease fatty acid oxidation and lipolysis 
suggesting that lipids may serve other needs than energy produc-
tion in activated mouse macrophages (6, 49, 50). In line with 
this, fatty acid catabolism is not induced in LPS-activated mac-
rophages compared to alternatively activated macrophages (7). 
Consistently, mouse macrophage fatty acid synthase is induced 
during sepsis in a mechanism depending on the mitochondrial 
uncoupling protein 2 (UCP2) (51). On the other hand, fatty 
acid oxidation is increased in mouse and human macrophages 
primed in conditions that activate the NLRP3 inflammasome, a 
process that requires mitochondrial NADPH oxidase 4 (NOX4)-
dependent ROS production (52). Therefore, it is clear that needs 
for lipid metabolism in activated macrophages is significantly 
increased but whether this fulfills mitochondrial energy produc-
tion requirements or rather constitutes the primal building blocks 
for anabolism needs to be further investigated.
Mitochondrial Respiratory Chain 
Adaptations in Macrophages upon innate 
immune Receptor engagement
As stated above, most catabolic processes converge on the mito-
chondrial ETC by supplying electrons in the form of the reductive 
equivalents NADH and FADH2. The intramitochondrial NADH/
FADH2 ratio depends on the nature of the fuels that feed the mito-
chondrial metabolism and the respiratory chain adapts to these 
fuel source fluctuations (16), particularly during PRR-mediated 
macrophage activation. Indeed, two recent studies provide 
evidence that changes in the ETC occur in activated mouse 
macrophages (5, 19). The phagocytosis of live Gram-negative 
bacteria by mouse macrophages trigger a profound change in 
ETC structural organization (5) (Figure  1). This is character-
ized by a decreased abundance of ETC SCs that contain CI and 
a relative increase in the free form of CIII and is accompanied 
by a substantial decrease in the activity of CI. By contrast, the 
activity of the glycerol 3-phosphate dehydrogenase and CII, two 
enzymes that use FADH2, are increased in response to live bac-
teria or to TLR-mediated sensing of bacterial RNA. CII activity 
is driven by the production of phagosomal ROS. This activates 
the ROS-dependent tyrosine kinase Fgr, which was previously 
found to phosphorylate CII (53). Consistently, CII was essential 
to mitochondrial respiration in bacteria-activated macrophages. 
This work thus suggests that adjustments of the organization of 
the ETC and of the activity of its components are required for 
metabolic reprogramming in macrophages. A study by O’Neill 
and colleagues has further precised the mechanism by which 
ETC integrates signals emerging from TLRs (19) (Figure  1). 
The combination of enhanced succinate dehydrogenase (SDH) 
activity and increased mitochondrial potential in LPS-activated 
mouse macrophages allows for the induction of mitochondrial 
ROS production at the level of CI thereby reprogramming 
mitochondria from ATP production to ROS production in 
order to establish an inflammatory state. This is consistent with 
a previous study showing that metformin-mediated inhibition 
of CI-dependent ROS production suppresses the inflammatory 
capacity of activated mouse macrophages (54). These data point 
out CI as a major regulator of inflammatory macrophages. This is 
backed up by genetical evidences demonstrating that mouse mac-
rophages deficient for the CI subunit NDUFS4 exhibit an inflam-
matory phenotype (55). Interestingly, the deletion of TLR2/4 in 
NDUFS4-deficient mice attenuated the inflammatory phenotype 
(55), highlighting the close relationship between TLRs and the 
ETC. However, the contributions of mitochondrial respiratory 
chain to innate immune functions seems not limited to TLRs 
since the engagement of Dectin-1 in human monocytes induces 
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accumulation of CII-product fumarate, which can induce an 
epigenetic program accounting for trained immunity by inhibit-
ing KDM5 histone demethylases (41). Whether adaptations of 
the ETC reflect solely the metabolic fluctuations within activated 
macrophages or can be directly regulated by signals emerging 
from innate immune receptors remains to be clarified.
FUnCTiOnAL COnSeQUenCeS OF 
MiTOCHOnDRiAL ADAPTATiOnS in 
MACROPHAGeS
Regulation of Macrophage Polarization 
and Cytokine Response
The finding that IL-4, a well-known inducer of alternatively acti-
vated mouse macrophages (M2), promotes a distinct metabolic 
reprogramming compared to pro-inflammatory (M1) mouse 
macrophage stimulating LPS/IFN-γ indicates that mitochondrial 
metabolism adjusts to the type of immune responses required to 
eliminate the threats encountered (1). M1 mouse macrophages 
produce high amount of pro-inflammatory cytokines and anti-
microbial peptides and excel in phagocytosing and destroying 
microbes. Those macrophages exhibit a high glycolytic rate and 
present two breaks in the TCA cycle, one at isocitrate dehydroge-
nase, the enzyme that converts isocitrate to α-ketoglutarate, and 
another one at SDH that catalyzes the oxidation of succinate to 
fumarate (7). M2 mouse macrophages are essential at fighting 
against helminth infection, exert tissue repair functions, and 
conserve an intact TCA cycle (7). The specificities of metabolic 
fluxes in differentiated macrophages is a subject of intense 
research and has been reviewed elsewhere (1). However, whether 
mitochondrial ETC organization and its functional adjustments 
reflect the metabolic specificities of M1 and M2 macrophages is 
still poorly understood. A recent report nevertheless showed that 
LPS + IFN-γ treatment promotes NO that inhibits mitochondrial 
respiration thereby preventing the repolarization of M1 into M2 
macrophages in mice and humans upon IL-4 treatment (56). 
In line with this, various reports suggest that manipulating the 
ETC modulates the balance between pro- and anti-inflammatory 
cytokine production. The use of the CI inhibitors metformin 
and rotenone decreased mitochondrial ROS production in LPS-
activated mouse macrophages thereby reducing IL-1β produc-
tion and boosting IL-10 production (54). In addition to their 
function as TLR7 agonists, imiquimod and CL097 also inhibited 
the quinone oxidoreductases NQO2 and CI, inducing ROS that 
contributed to NLRP3 activation (57). Conversely, the CII inhibi-
tor dimethyl malonate enhanced the production of IL-1RA and 
IL-10 and promote an anti-inflammatory response by preventing 
mitochondrial ROS generation and succinate oxidation (19).
Mitochondrial metabolites, e.g., those related to α-ketoglu-
tarate, such as succinate and fumarate, regulate transcription and 
influence the pattern of cytokine production that characterizes 
differentiated macrophages. Succinate is accumulated in M1 
mouse macrophages and was originally thought to stabilize 
HIF-1α through inhibition of prolyl hydroxylases (58). However, 
new evidence shows that succinate rather drives CII activity, 
which in turn promotes mitochondrial reactive oxygen species 
(mROS) production to stabilize HIF-1α (19), thereby promot-
ing pro-inflammatory cytokine IL-1β expression (8) (Figure 2). 
Succinate may also contribute to increased reverse electron 
transport and ROS production from CI (59), a process that is 
potentially important for macrophage function (60). Likewise, 
SDH (part of the CII) metabolizes succinate to fumarate in the 
TCA cycle, and fumarate inhibits histone demethylases thus 
regulating epigenetics (41). In this process, CII accepts the 
electrons from FADH2, and this function as electron carrier 
drives modulation of ROS signaling (60). These results establish 
how ROS drives expression of pro-inflammatory cytokines that 
characterize M1 macrophages but the mechanism by which suc-
cinate inhibits anti-inflammatory gene expression is still an open 
question. Taken together, those studies show the great potential 
of mitochondrial metabolism for regulation of transcription, 
cytokine production, and macrophage polarization that can be 
exploited for therapy.
Regulation of Macrophage Bactericidal 
Functions
Although phagosomal ROS are considered to be a main compo-
nent of bacteria killing machinery within macrophages, mitochon-
dria seem to significantly contribute to antibacterial functions by 
generating a substantial amount of ROS (Figure 2). Engagement 
of a cell membrane-associated TLRs (TLR1, TLR2, and TLR4) 
results in the recruitment of mitochondria to macrophage phago-
somes and increases mROS production. This response involves 
translocation of the TLR signaling adaptor TRAF6 to mitochon-
dria where it engages the mitochondrial respiratory complex I 
assembly adaptor ECSIT (30). Consistently, mouse macrophages 
that lack ECSIT or TRAF6 show decreased levels of TLR-induced 
ROS and impaired ability to kill intracellular bacteria. In addition, 
reducing mouse macrophage mROS levels by expressing catalase 
in mitochondria results in defective bacterial killing, confirming 
the role of mROS in bactericidal activity (30). Additional studies 
support the notion that suppressing mROS production regulates 
antibacterial innate immune responses. Mice deficient for UCP2 
and infected with a lethal load of Toxoplasma gondii were sig-
nificantly more resistant compared with wild-type (WT) animals. 
Consistently, UCP2-deficient macrophages generated more ROS 
in response to T. gondii underlying this enhanced parasite-killing 
capacity (61). A subsequent study detailed a similar phenotype, 
demonstrating that Ucp2−/− mice were more resistant to Listeria 
monocytogenes and display higher splenic ROS levels than WT 
mice (62). LPS stimulation also reduces macrophage UCP2 
expression, indicating that the abundance of UCP2 in the cell 
regulates mROS generation following TLR4 engagement (63). 
Additionally, it was demonstrated that IFNγ induces an estrogen-
related receptor-α (ERRα)- and a proliferator-activated receptor-γ 
co-activator (PGC1β)-dependent transcriptional program in 
mouse macrophages that induces mitochondrial function and 
mROS production upon bacterial infection (64). Consequently, 
ERRα- or PGC1β-deficient macrophages produce less ROS upon 
L. monocytogenes challenge and display a reduced bacteria kill-
ing capacity (64). In this context, ETC re-arrangement may also 
regulate mROS production by controlling electron leak within 
FiGURe 2 | Mitochondrial metabolism contributions to macrophage effector functions. Sensing of live Gram-negative bacteria by toll-like receptors (TLR) 
induces the production of phagosomal reactive oxygen species (ROS) by phagosomal NADPH oxidase. Phagosomal ROS directly contribute to the killing of the 
bacteria inside the phagosome and induce CII activity thereby promoting fumarate accumulation, which exerts bactericidal properties and modulates histone 
posttranslational modifications to control cytokine production. The increase in CII activity is associated with a reduction in CI activity and a subsequent increase in 
mitochondrial ROS (mROS). TLR mediates recruitment of the mitochondria to the phagosome through tumor necrosis factor receptor-associated factor 6 
(TRAF6)–evolutionarily conserved signaling intermediate in toll pathways (ECSIT) interaction and concomitantly increases mROS, which contribute to bacteria killing 
in the phagosome and inhibit prolyl hydroxylase (PHD), thus promoting hypoxia-inducible factor-1α (HIF-1α) stabilization. TLR signaling also induces accumulation of 
succinate, which, together with fumarate, inhibits α-ketoglutarate-dependent DNA hydroxylases and histone demethylases, regulating cytokine expression and 
glycolytic switch. Succinate oxidation, in turn, is required to induce mROS production at the level of CI, thereby inhibiting PHD, stabilizing HIF-1α, and further 
controlling cytokine production. In addition to fumarate, other tricarboxylic acid cycle-related metabolites exhibit antibactericidal properties. Citrate is used to 
produce itaconate through the decarboxylation of cis-aconitate by IRG1. Itaconate was found to have antimicrobial properties and to regulate succinate 
dehydrogenase (CII) activity in lipopolysaccharide-activated macrophages.
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the respiratory complexes (16). Future studies will likely provide 
additional details on the role of ETC architecture and electron 
flow for antimicrobial function of mitochondria.
The notion that mitochondria are important players for the 
microbicidal properties of macrophage has recently gained 
further interest with the finding that mitochondrial metabolites 
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directly contribute to macrophage bactericidal functions. The 
mitochondrial protein immune responsive gene 1 (IRG1) is highly 
expressed in mouse and human macrophages during inflamma-
tion. It metabolizes cis-aconitate into itaconate, which can drive 
the production of β-oxidation-dependent mitochondrial ROS 
(65). Importantly, itaconate inhibits citrate-lyase in different 
bacterial strains and thus shows direct antimicrobial activity 
(66) (Figure 2). IFNs induce IRG1, which in turn accumulates 
in mitochondria that closely associate with Legionella-containing 
vacuoles, as step that may be required for bacteria killing (67). 
In addition, itaconate has been postulated to modulate mouse 
macrophage metabolism and effector functions by inhibiting 
SDH. Indeed, Irg1−/− mice, which cannot produce itaconate, have 
decreased level of succinate and increased mitochondrial respira-
tion and inflammatory cytokine production upon LPS stimula-
tion (68). Reorganization of the ETC may also participate to such 
processes, since the SDH product fumarate can directly inhibit 
bacteria proliferation in response to ETC adjustments upon sens-
ing of viable bacteria (5) (Figure 2). Notably, the substrate of SDH 
succinate did not show antimicrobial properties as compared to 
fumarate, revealing specific immune properties of closely related 
mitochondria-derived metabolites (5).
COnCLUDinG ReMARKS
Since mitochondria have emerged as key conductors of the 
metabolic adaptations to the innate sensing by modulating the 
electron flow in the ETC (5, 19), a key open question is whether 
targeting of mitochondrial metabolism can be used to modu-
late immune cell function with substantial improvement for 
therapeutic strategies. This would be particularly interesting for 
enhanced vaccination and modulation of immunity and toler-
ance when targeting DCs, or for the treatment of inflammatory 
diseases in the case of targeting macrophages. In the later, 
mitochondrial manipulation would constitute an approach of 
choice to facilitate macrophage repolarization (56). Because 
some mitochondrial metabolites and the use of ETC CI or CII 
inhibitors can modulate cytokine production (8, 19, 41, 54, 57), 
such approach seems very promising. Moreover, mitochondrial 
ROS and metabolites, such as fumarate or itaconate, show a 
direct microbicidal effect (5, 30, 66). The exciting findings in this 
rapidly moving field thus emphasize the great potential of target-
ing mitochondrial metabolism for modulation of transcription, 
polarization, cytokine production, and microbicidal capacity of 
macrophages with potential to offer new therapeutic approaches.
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Despite the crucial role of tissue-resident memory T
(Trm) cells in protective immunity, their priming
remains poorly understood. Here, we have shown
differential priming requirements for Trm versus
circulating memory CD8+ T cells. In vaccinia cuta-
neous-infected mice, DNGR-1-mediated crosspre-
sentation was required for optimal Trm cell priming
but not for their skin differentiation or for circulating
memory T cell generation. DNGR-1+ dendritic cells
(DCs) promoted T-bet transcription-factor induction
and retention of CD8+ T cells in the lymph nodes
(LNs). Inhibition of LN egress enhanced Trm cell gen-
eration, whereas genetic or antibody blockade of
DNGR-1 or specific signals provided during priming
by DNGR-1+ DCs, such as interleukin-12 (IL-12),
IL-15, or CD24, impaired Trm cell priming. DNGR-1
also regulated Trm cell generation during influenza
infection. Moreover, protective immunity depended
on optimal Trm cell induction by DNGR-1+ DCs. Our
results reveal specific priming requirements for
CD8+ Trm cells during viral infection and vaccination.
INTRODUCTION
During infection, naive T cells in secondary lymphoid organs are
primed by dendritic cells (DCs) to become either long-lived
memory T cells or short-lived effectors. Based on their trafficking
properties, memory T cells are subdivided among circulating
memory cells and tissue-resident memory T (Trm) cells (Mueller
and Mackay, 2016). Trm cells are found in all tissues and, de-
pending on location, are characterized by stable expression of
CD69, variable CD103 expression, and enhanced effector ability
(Ariotti et al., 2014; Bergsbaken and Bevan, 2015; Mackay et al.,
2013; Masopust et al., 2006; Schenkel et al., 2014; Skon et al.,
2013; Steinert et al., 2015). Trm cells are crucial for surveying
and mounting an effective and rapid immune response upon
reinfection in skin and mucosae (Gebhardt et al., 2009; Jiang
et al., 2012; Mackay et al., 2015; Steinert et al., 2015). Moreover,upon antigen contact, activated Trm cells orchestrate circulating
memory T cell response, drive maturation of DCs, and boost
local immunity, thus establishing a tissue-wide pathogen alert
state (Ariotti et al., 2014; Schenkel et al., 2014; Schenkel et al.,
2013).
Trm cells derive from precursors characterized by low expres-
sion of KLRG1 transcription factor that migrate into the tissue
where they are retained following downregulation of Kru¨ppel-
like factor 2 (KLF2) and its target gene sphingosine 1-phosphate
receptor S1P1 (S1P) (Gebhardt et al., 2009; Mackay et al., 2013;
Masopust et al., 2010; Skon et al., 2013), along with downregu-
lation of T-box transcription factors (Eomes and T-bet) (Mackay
et al., 2015). Trm and circulating memory T cells have the same
clonal origin (Gaide et al., 2015), but Trm cells retain high-affinity
T cell receptors (TCRs) (Frost et al., 2015). Whether these Trm
cell precursors have specific priming requirements different
from those of circulating memory cells is not known.
Cutaneous infection with vaccinia virus (VACV) in mice gener-
ates circulating memory and Trm CD8+ T cells, the latter accu-
mulating in the skin (Jiang et al., 2012). Similarly to many viruses,
VACV infects DCs and thereby provides antigens for direct pre-
sentation via MHC class I molecules (Xu et al., 2010). However,
DCs can also acquire VACV antigens from infected cells, leading
to CTL ‘‘crosspriming,’’ which contributes to prolonged antigen
availability (Heipertz et al., 2014). Crosspriming to VACV largely
depends on DNGR-1 (CLEC9A) (Iborra et al., 2012), a C-type
lectin receptor that favors DC crosspresentation of dead-cell-
associated antigens (Sancho et al., 2009). DNGR-1 is highly ex-
pressed by mouse CD8a+ DCs in lymphoid organs and CD103+
DCs in non-lymphoid tissues, as well as their human equivalents
(Huysamen et al., 2008; Poulin et al., 2010; Sancho et al., 2008).
The development and function of CD8a+ family DCs require the
action of the transcription factor Batf3 (Hildner et al., 2008; Seillet
et al., 2013). Here, we report that upon VACV skin infection,
Batf3-dependent DCs, operationally acting through DNGR-1-
mediated crosspresentation and specific signals including
IL-12, IL-15, and costimulation through CD24, are required for
optimal generation of skin Trm but not effector T cells or circu-
lating memory T cells. Moreover, DNGR-1-mediated crossprim-
ing also controls lung Trm cell generation following influenza A
virus infection and supports effective mucosal vaccination.
These data reveal priming requirements that selectively impact
on the Trm cell compartment.Immunity 45, 847–860, October 18, 2016 ª 2016 Elsevier Inc. 847
AB C D E
F G H
I J
K L M N O P
Figure 1. Crosspresentation Modulates CD8+ T Cell-Priming without Affecting Effector and Circulating Memory Responses
(A) CD11c+ DCs were purified from dLN at the indicated time points after skin infection with rVACV-OVA (13 106 pfu) in the indicated mice. DCs were co-cultured
for 6 hr with in vitro expanded OT-I T cells and cells were stained for CD8 and intracellular IFN-g. Upper panel shows representative plots at 24 hr of co-culture in
the DC:OT-I 10:1 ratio. Lower panel shows frequencies of IFN-g+ OT-I T cells in the CD8+ compartment found at the indicated ratios DC: OT-I co-culture and time
points p.i. of extraction of CD11c+ cells from dLN. Arithmetic mean ± SEM is shown, n = 3 pooled experiments.
(B–E) Mice of the genotype in the legend were infected with rVACV-OVA (53 104 pfu) and transferred with 105 CD45.1+ OT-I T cells. At the indicated time points
T-bet (B), CXCR3 (C), phosphorylated Foxo1 (D), and Foxo1 (E) MFI was measured in OT-I T cells from the dLN by flow cytometry.
(F–J) The indicated mice were infected with rVACV-OVA and transferred with OT-I T cells as in (B). Frequencies (F and H) and numbers (G and I) of CD45.1+ OT-I
T cells were determined 3 days p.i. in the dLN in the CD8+ compartment (F and G) or in the spleen and inguinal LN (iLN) 30 days p.i. (H and I). Representative plots
are shown in (F) and (H). (J) Frequencies of CD44+ CD62L+ in OTI cells in the iLN and spleen 30 days p.i.
(legend continued on next page)
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RESULTS
Crosspresentation Modulates CD8+ T Cell-Priming
without Affecting Effector andCirculatingMemoryCD8+
T Cell Response
To test whether crosspresentation can affect immunity to viruses
whose antigens can be both directly presented and crosspre-
sented, we analyzed CD8+ T cell immunity to VACV intradermal
(i.d.) infection comparing WTmice with two independent genetic
mouse models with deficient crosspresentation of VACV anti-
gens: DNGR-1-deficient mice (Clec9agfp/gfp) (Iborra et al., 2012)
and Batf3/mice (Hildner et al., 2008; Seillet et al., 2013). Anti-
gen presentation by CD11c+ DCs purified from dLN of rVACV-
OVA skin-infected mice at day 1, 2, and 3 post infection (p.i.)
resulted in interferon-g (IFN-g) production by OVA-specific
OT-I CD8+ T cells (Figure 1A) or VACV-B8R-specific CTLs (Fig-
ure S1A). VACV antigen presentation was transient in WT mice
(Norbury et al., 2002) and both the intensity and the persistence
of antigen presentation were lower in the absence of DNGR-1 or
Batf3 (Figures 1A and S1A). Next, we analyzedwhether defective
crosspriming affects the expression of transcription factors
involved inmemory or effector differentiation.We found impaired
induction of T-bet and its target CXCR3 during priming of OT-I
T cells adoptively transferred in Batf3- or DNGR-1-deficient
mice infected in the skin with rVACV-OVA (Figures 1B and 1C
and S1B). Upon T cell priming, forkhead box transcription factor
Foxo1 is rapidly phosphorylated and degraded (Rao et al., 2012),
and we found that crosspriming deficiency resulted in weaker
phosphorylation and degradation of Foxo1 (Figures 1D and 1E
and S1B). In contrast, the expression of the transcription factor
Eomes (Figures S1B and S1C), which promotes central memory
T cell generation, was not affected.
Despite impaired crosspriming, OT-I T cells transferred to
mice infected in the skin with rVACV-OVA expanded normally
(Figures 1F and 1G). Similarly, the frequency of endogenous
circulating effector CD8+ T cells against the immunodominant
VACV epitope, tracked with H-2Kb-B8R tetramers 7 days p.i.
with VACV WR i.d. was comparable (Figures S1D and S1E).
Next, we explored whether impaired crosspriming affects mem-
ory CD8+ T cell generation. Upon rVACV-OVA skin infection, fre-
quency, and numbers of transferred OT-I T cells, including both
central and effector memory phenotype, were similar in the
absence of crosspresentation (Figures 1H–1J). Similarly, infec-
tion with VACV WR (i.d.) elicited comparable circulating B8R-
specific CD8+ T cell memory responses (Figures S1F–S1H).
To assess the function of circulating effector and memory
CTLs, we focused on DNGR-1-deficient and WT mice, because
Batf3-dependent DCs play a role in CTL recall responses (Alex-(K) Mice were infected i.d. in the ear with VACV WR and draining LN cells restim
infected with VACV. Frequencies of IFN-g producing cells in the CD8+ compa
experiment of two performed.
(L–N) The indicated mice were inoculated with MVA or not (PBS) in both ears an
quencies in the CD8+ compartment (M) of IFN-g production by spleen cells sti
Frequencies of Kb-B8R20-27 VACV-specific T cells in the CD8
+ compartment in t
(O and P) The indicated mice were infected with VACV WR or not (PBS) in both e
production in the CD8+ compartment of spleen cells stimulated ex vivo with B8R
and individual data pooled from at least two representative independent experime
ANOVA with Bonferroni post hoc test). See also Figure S1.andre et al., 2016). Draining LN effector T cells showed similar
IFN-g production upon restimulation with VACV antigens or
B8R peptide in WT and DNGR-1-deficient mice primed i.d.
with VACVWRat day 7 p.i. (Figure 1K). To test whether the equiv-
alent effector response resulted in similar viral clearance, we
primed WT and DNGR-1-deficient mice with non-replicative
MVA (i.d.) and subsequently infected i.p. with VACV WR 5 days
later. Effector responses at day 8 p.i. with VACV WR were equal
in the spleen (Figures 1L and 1M) and the ovary (Figure 1N) of
both mouse genotypes, which led to complete clearance of virus
in the ovaries (data not shown). In addition, DNGR-1 deficiency
did not affect secondary responses by circulating memory
CD8+ T cells analyzed in mice inoculated with VACV in the ear
and i.p. challenged 30 days later with the same virus. The fre-
quency of IFN-g+ B8R-specific CD8+ T cells in the spleen of
vaccinated DNGR-1 deficient mice 5 days after secondary infec-
tion (Figure 1O), as well as their viral load in the ovary (Figure 1P),
was comparable to WT mice. We conclude that crosspriming
increases T-bet during priming, but it is not essential for the
generation of functional effector and circulating memory CD8+
T cells.
Defective Crosspresentation Impairs Skin Trm Cell
Responses to i.d. VACV Infection
Whereas crosspresentation is dispensable for the generation of
a circulating memory CD8+ T cell pool, the frequency of skin-
resident (CD8+CD69+) Trm cells in the CD45+ compartment
was markedly reduced in the infection site or in a distant site in
the absence of DNGR-1 or Batf3 upon skin infection with
VACV WR (Figure 2A). A vast percentage of these skin CD8+
Trm cells were specific for the virus and produced IFN-g upon
VACV-specific restimulation (Figure S2A). Consequently,
numbers and frequencies of B8R-specific Trm cells were
reduced in the skin CD45+ compartment of mice with defective
crosspresentation (Figures 2B and S2B). Similarly, crossprim-
ing-deficient mice transferred with OT-I T cells showed impaired
frequency (Figure 2C and S2C) and numbers (Figure S2D) of skin
Trm cells, further confirmed by immunofluorescence of skin
samples 30 days p.i. (Figure 2D). We analyzed the kinetics of
Trm cell differentiation in the skin using CD103 as specific
marker. The formation of CD103+ OT-I T cells was slower be-
tween 7 and 14 days in the absence of crosspriming, suggesting
a lower number of Trm cell precursors seeded in the skin
(Figure 2E).
To ask whether the net reduction in Trm cell generation
in Clec9agfp/gfp or Batf3/ mice relies on reduced priming, we
mimicked it in WT mice by delaying the transfer of OT-I T cells
following rVACV-OVA skin infection and infecting i.d. withulated with VACV B8R peptide or with DCs pretreated with RAW 264.7 cells
rtment shown as individual data and arithmetic mean from a representative
d i.p challenged with VACV WR 8 days later. Representative plots (L) and fre-
mulated ex vivo with B8R VACV peptide 5 days after challenge infection. (N)
he ovary of infected mice.
ars and challenged i.p. with VACV WR 30 days later. (O) Frequencies of IFN-g
VACV peptide. (P) Viral load in the ovary of infected mice. (F–J, M–P). Average
nts and arithmetic mean are shown. *p < 0.05; **p < 0.01; ***p < 0.001 (one-way
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VACV-WR just before OT-I T cell transfer to equalize the inflam-
matory environment. Delayed transfer of OT-I T cells did not
affect circulating memory T cell generation (Figures S2E and
S2G), while deeply impaired Trm cell generation (Figures S2F
and S2H). Thus, reducing priming signals preferentially impairs
Trm over circulating memory T cell generation, supporting
distinct priming thresholds for generation of both compartments.
To determine whether the reduced skin Trm cell numbers
found in cross-priming-deficient mice impacts their resistance
to skin reinfection, we challenged WT and DNGR-1-deficient
mice previously infected in one ear with a second VACV skin
infection in the opposite ear 30 days after the initial infection.
FTY720, a S1P inhibitor that blocks egress of circulatingmemory
T cells from lymph nodes into blood, was administered at
days1, 1, and 3 post challenge to limit the contribution of circu-
latingmemory cells to the recall response (Jiang et al., 2012). The
number of skin CD8+ T cells producing IFN-g in response to
VACV peptide (B8R-specific) was severely impaired in vacci-
nated DNGR-1-deficient mice compared with vaccinated WT
mice, reducing Trm cell numbers to those found in non-immu-
nized controls (Figures 2F and 2G). Impaired Trm cell generation
in vaccinated DNGR-1-deficient mice resulted in defective viral
clearance (Figure 2H).
DNGR-1-Mediated Crosspresentation Is Required for
Optimal TrmCell Priming but Direct Presentation Allows
Further Differentiation in the Skin
We explored whether the contribution of DNGR-1 and Batf3-
dependent DCs to Trm cell generation was restricted to the
priming step in the dLN or they could also affect Trm cell differ-
entiation in the skin. Transferred OT-I CD8+ cells primed by skin
rVACV-OVA infection in a donor mouse developed efficiently into
both circulating memory CD8+ T cells and skin Trm cells only
when recipient mice were also dermally infected with rVACV-
OVA (Figures S3A–S3C), consistent with a recent study (Khan
et al., 2016). Next, we purified primed OT-I T cells from the
dLN of WT, Clec9agfp/gfp, or Batf3/ mice 3 days p.i. with
rVACV-OVA i.d. and transferred them to WT, Clec9agfp/gfp, or
Batf3/ recipients previously infected i.d. (Figure 3A). Fre-
quencies and numbers of circulating memory T cells generated
30 days post-transfer were comparable in all cases (Figures 3A
and 3B and S3D). Notably, T cells primed in WT mice gave rise
to similar frequencies and numbers of Trm cells regardless ofFigure 2. Defective Crosspresentation Impairs Skin Trm Cell Respons
(A) The indicated mice were infected with VACVWR (53 104 pfu, i.d.). Representa
the skin 30 days p.i. (CD8+ CD69+ in CD45+ cells).
(B) Number of Kb-B8R20-27 VACV-specific T cells in the ear 30 days p.i.
(C) Frequencies of OT-I Trm cells in the infected or non-infected ear 30 days follow
CD45+ cells).
(D) Immunofluorescence staining of CD8+ T cells 30 days p.i. in the infected skin
acquired in two independent experiments.
(E) Kinetics of CD103+ Trm cell accumulation in the skin in the indicated mice af
samples from two independent experiments.
(F–H) The indicated mice were infected with VACV (53 104 pfu, i.d.) or not (PBS) in
treated with FTY720 at day1, 1, and 3 after challenge infection. Representative p
ex vivo with B8R VACV peptide 5 days after challenge.
(G) Numbers of IFN-g+ CD8+ T cells in the ear upon restimulation with B8R pept
(H) Viral load in the infected ear. (A–C, G, H) Arithmetic mean and individual data
*p < 0.05; **p < 0.01; ***p < 0.001 (one-way ANOVA with Bonferroni post hoc testhe recipient genotype, whereas T cells primed in Clec9agfp/gfp
orBatf3/mice generated both lower frequencies and numbers
of skin Trm cells in WT recipients (Figures 3A and 3C and S3E).
The data above suggested that crosspriming in the LN is
required for the generation of committed Trm cell precursors,
but not to their differentiation in the skin. To further confirm
this, we used anti-DNGR-1 blocking antibodies that block cross-
priming to dead-cell-associated antigen in vivo (Sancho et al.,
2009). As VACV antigen presentation by CD11c+ cells in the
dLN takes place during the first 3 days p.i. (Figures 1A and
S1A and Norbury et al., 2002), we tested the effects of
DNGR-1 blockade during or after the priming in response to
skin VACV-WR infection. Blockade of DNGR-1 at any stage did
not affect circulating memory T cell generation (Figure 3D).
Blockade of DNGR-1 during priming, but not at later stages,
impaired generation of endogenous Trm cells (Figures 3E and
S3F). These results further support the important contribution
of DNGR-1 for priming of Trm cell precursors using a genetic-
independent approach.
Defective Crosspriming Leads to Early T Cell Egress
from LN
Reduced crosspriming did not influence the systemic CD8+ T cell
effector response but could potentially reduce skin-homing
CTLs. However, the number of effector OT-I T cells in the
skin early upon rVACV-OVA skin infection was increased in
Clec9agfp/gfp and Batf3/ mice (Figures 4A and S4A). This early
increase was accompanied by augmented expression of KLRG1
(Figures 4B and S4B), amarker of short-lived effector cells (Joshi
et al., 2007) and increased T-bet expression in OT-I T cells in the
skin of mice with defective crosspriming (Figures 4C and S4C),
consistent with a negative role of high expression of T-bet during
Trm cell differentiation (Laidlaw et al., 2014; Mackay et al.,
2015). The predominance of short-lived effectors would explain
their reduced ability to fully differentiate into CD103+ Trm cells
(Figure 2E).
Increased OT-I Teff cells in the skin might indicate premature
egress from the LN of newly-primed effector CTL in the absence
of signals from crosspriming DCs. Indeed, we found higher fre-
quencies of primed proliferating OT-I T cells (Figures 4D and
S4D) and B8R-specific endogenous CD8+ T cells (Figure S4E)
in the blood of VACV-infected Clec9agfp/gfp and Batf3/ mice.
To investigate the cause of early egress, we measured S1pr1es to i.d. VACV Infection
tive plots (upper panels) and individual data showing frequencies of Trm cells in
ing transfer of 105 OT-I T cells and i.d. infection with rVACV-OVA (OT-I CD69+ in
of mice treated as in (C). One representative image of 10 independent images
ter treatment as in (C). Graph shows arithmetic mean ± SEM of n = 10 pooled
the left ear, and challenged in the right ear with VACV 30 days later. Mice were
lots (F) showing IFN-g production by CD8+ T cells from the right ear stimulated
ide.
pooled from at least two representative independent experiments are shown.
t). See also Figure S2.




Figure 3. DNGR-1-Mediated Crosspresentation Is Required for Optimal Trm Cell Priming but Direct Presentation Allows Further Differenti-
ation in the Skin
(A) Experimental setup. CD45.1+ OT-I T cells were injected in WT, DNGR-1-deficient (Clec9agfp/gfp) and Batf3/ and subsequently infected (i.d. 53 104 pfu and
s.s. 1 3 106 pfu) with rVACV-OVA. After 72 hr, OT-I T cells from the dLN of WT donor mice were transferred to rVACV-OVA skin-infected WT, Clec9agfp/gfp and
Batf3/ recipients, whereas OT-I T cells from the dLN of Clec9agfp/gfp and Batf3/ donor mice were transferred to WT mice. Representative plots showing
CD45.1 and CD8 staining of inguinal LN (iLN, upper panels) and CD45.1 and CD69 in the ears (lower panels) in the recipient mice 30 days after the transfer.
Frequencies of (B) circulating OT-I T cells in iLN or (C) OT-I Trm cells in the CD45+ compartment in the ear.
(D and E)WTmice were treated with a blocking antibody against DNGR-1 during priming (red arrows) or after priming (blue arrows). A third group of mice received
a control antibody. Frequencies of Kb-8R20-27 VACV-specific T cells in the CD8
+ compartment in the inguinal LN (iLN) and Trm cells in the non-infected or infected
ear were assessed 30 days p.i. with VACV-WR (5 3 104 pfu, i.d.). Graphs depict fold change of the frequencies of (D) VACV-specific circulating memory CD8+
T cells or (E) Trm cells with respect to the mean in WT mice treated with isotype control. (B–E) Arithmetic mean and individual data pooled from at least two
representative independent experiments are shown. *p < 0.05; **p < 0.01; ***p < 0.001 (one way ANOVA with Bonferroni post hoc test). See also Figure S3.mRNA expression in OT-I T cells present in the dLN at different
times after rVACV-OVA i.d. infection. As expected, S1pr1
expression was downregulated between 36–60 hr p.i. in WT
mice (Figure 4E), facilitating retention of newly-primed OT-I
T cells in the LN. However, S1pr1 downregulation was less
persistent in the absence of crosspresentation (Figure 4E).
S1pr1 expression and T cell trafficking is positively regulated
by KLF2 (Skon et al., 2013). Consistent with the findings on
S1pr1, the downregulation of Klf2 mRNA in OT-I T cells was
more transient in crosspriming-deficient mice (Figure 4F). These852 Immunity 45, 847–860, October 18, 2016data suggest that absence of crosspriming leads to early egress
of CD8+ T cells.
To determinewhether early egress contributes to defective Trm
cell generation, we infected OT-I-transferred mice with rVACV-
OVA i.d. and provided a single treatment with FTY720 36 hr later,
thus inhibiting T cell egress to the blood (Figure S4F). The acute
FTY720 treatment early p.i. increased generation of both circu-
lating memory and Trm cells in WT mice (Figures 4G–4I and
S4G–S4H). Notably, FTY720 treatment could partially rescue the





Figure 4. Defective Crosspriming Leads to Early T Cell Egress from the LN
(A) Number of OT-I T cells in the ears of the indicated mice 4, 5, and 7 days following i.d. infection with rVACV-OVA (53 104 pfu) in the ear and i.v. transfer of OT-I
T cells.
(B) Frequency of KLRG1+ in OT-I T cells in the ear of mice treated as in (A).
(C) T-bet expression (MFI) in OT-I T cells in the ear of mice treated as in (A).
(D) Frequency of proliferating OT-I in CD8+ T cells from peripheral bloodwas determined 3 days p.i. in mice infected as in (A) and transferred with CellTrace-Violet-
labeled OT-I T cells.
(E and F) OT-I T cells were purified from dLN at the marked time points following i.d. infection with rVACV-OVA in the indicated mice and (E) relative expression of
S1pr1 mRNA or (F) Klf2 mRNA is shown.
(G and H) Mice were infected with rVACV-OVA, transferred with OT-I T cells and treated (or not) with FTY720 at day 1.5 p.i.
(G) Frequencies of circulating memory OT-I T cells in the iLN 30 days after i.d. infection.
(H) Frequencies of OT-I CD69+ cells or (I) endogenous CD8+ CD69+ T cells in the CD45+ compartment in the ear of mice 30 days after i.d. infection. Statistics is
shown only for the effect of FTY720 treatment in each group. (A–D, G–I) Arithmetic mean and individual data pooled from at least two representative experiments
are shown. (E and F) Graph shows arithmetic mean + SEM, n = 4 pooled samples of dLN OT-I T cells from four mice each obtained in three independent
experiments. (A–H) *p < 0.05; **p < 0.01; ***p < 0.001 (one-way ANOVA with Bonferroni post hoc test). See also Figure S4.




Figure 5. CD8a+ and CD103+ DCs Provide
Unique Priming Signals for Trm Generation
(A) Representative plots showing IFN-g staining
and CellTrace-Violet dilution of naive OT-I T cells
co-cultured at a ratio 10:1 DC: naiveOT-I T cells for
3 days with the indicated DC subsets sorted from
dLN of WT mice 24 hr following i.d. and s.s infec-
tion with rVACV-OVA, and re-stimulated with RMA
cells loaded with 1 mM OVA257-264 peptide for
IFN-g production.
(B) Frequencies of divided IFN-g+ OT-I T cells in
the experimental setting explained in (B) in which
the co-culture with DCs was performed in the
presence or absence of OVA257-264 peptide (5 nM)
(Graph shows arithmetic mean + SEM, n = 3
pooled independent experiments).
(C and D) Naive purified OT-I T cells were co-
cultured with the indicated DC subsets from WT
and DNGR-1-deficient (Clec9agfp/gfp) mice as in
(A). After 3 days co-culture, 104 OT-I T cells were
transferred to WT mice infected i.d. in the ear with
rVACV-OVA 3 days before. Frequencies of OT-I
T cells in iLN (C) or OT-I CD69+ cells in the CD45+
compartment in the ear (D) 30 days after OT-I T cell
transfer are shown.
(E and F) Frequencies of OT-I T cells in iLN (E) or
OT-I CD69+ cells in the CD45+ compartment in the
ear (F) of mice treated as in (D), in which OT-I:DC
subset co-cultures were performed in the pres-
ence or absence of OVA257-264 (5 nM). (C–F)
Arithmetic mean and individual data pooled from
at least two representative independent experi-
ments are shown. (B–F) *p < 0.05; **p < 0.01; ***p <
0.001 (B–D) one-way ANOVA with Bonferroni post
hoc test (E and F) Student t test comparing
OVA257-264 peptide presence or absence for each
group. See also Figure S5.mice, but not to the FTY720-treatedWTcontrol (Figures 4Hand4I
and S4H). These data indicate that retention of CD8+ T cells in the
LN favorsTrmcell generationbut it is not sufficient to compensate
for specific signals provided by Batf3-dependent DNGR1+ DCs.
CD8a+ and CD103+ DCs Provide Unique Priming Signals
for Trm Cell Generation
To determine which DC subsets prime Trm cell precursors, we
skin infected WT mice with rVACV-OVA and 24 hr later CD11c+
cells from dLNwere sorted into the CD11bhi CD8a and CD11blo
CD8a+ conventional DCs (cDCs) and CD103+ migratory DCs
(mDCs) subsets. CD103+ mDCs and CD8a+ cDCs induced
increased proliferation and IFN-g production by naive OTI cells
compared to CD11bhi cDCs (Figures 5A and 5B). This advantage
was lost in the absence of DNGR-1, while adding exogenous
pre-processed OVA peptide compensated any deficiency (Fig-
ures 5A and 5B).854 Immunity 45, 847–860, October 18, 2016To test whether in vitro priming by
DNGR-1+ DC subsets was superior at
generation of Trm cell precursors we
transferred OT-I T cells co-cultured with
DC subsets purified from rVACV-OVA in-
fectedmice as above toWTmice infected
3d before with i.d. rVACV-OVA. After30 days, transferred OT-I T cells generated comparable fre-
quencies and numbers of circulating memory T cells regardless
of the DC subset used for in vitro priming or the presence or
absence of DNGR-1 (Figures 5C, S5A and S5B). Notably,
CD103+ and CD8a+ DCs were superior at generating Trm cells,
and this occurred in a DNGR-1-dependent fashion (Figures 5D,
S5C, and S5D). The deficiency in the generation of Trm cell pre-
cursors by Clec9agfp/gfp CD103+ DCs was compensated by
excess OVA peptide at the in vitro co-culture stage, showing
that DNGR-1-mediated crosspresentation is a key step and spe-
cifically pinpointing signal 1 provision by this DC subset as a
pivotal determinant in Trm cell priming (Figures 5E and 5F and
S5E). In contrast, the inability of the CD11bhi cDC subset to
generate Trm cell precursors could not be rescued by excess
OVA peptide (Figures 5F and S5E), supporting that DNGR-1+
DCs provide specific signals that directly prime naive CD8+
T cells to become Trm cell precursors.
A B
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Figure 6. IL-12, IL-15, and CD24 from
DNGR-1+ DCs Are Required for Optimal
Trm but Not Circulating Memory Cell
Generation
(A) Representative plots showing T-bet expression
of OT-I T cells co-cultured at a ratio 10:1 DC: naive
OT-I T cells for 3 days with the indicated DC sub-
sets from WT mice obtained as in Figure 5A and in
the presence of control antibody or blocking anti-
bodies against IL-12, IL-15, or CD24.
(B) MFI measured by flow cytometry are shown.
Each dot represents one independent experiment.
(C and D) Naive purified OT-I T cells were co-
cultured with the indicated DC subsets, and
treated with blocking antibodies as in A. After
3 days co-culture, 104OT-I T cells were transferred
toWTmice infected i.d. in the ear with rVACV-OVA
3 days before. Frequencies of OT-I T cells in iLN (C)
or or OT-I CD69+ cells in the CD45+ compartment
in the ear (D) 30 days after OT-I transfer are shown.
(C and D) Arithmetic mean and individual data
pooled from four independent experiments are
shown. *p < 0.05; **p < 0.01; ***p < 0.001 (one-way
ANOVA with Bonferroni post hoc test).IL-12, IL-15, and CD24 from DNGR-1+ DCs Are Required
for Optimal Trm but Not Circulating Memory T Cell
Generation
CD103+ DC and CD8a+ DCs are superior at supplying some type
2 and 3 signals that increase T-bet expression, including CD24,
IL-12, and IL-15 (Kim et al., 2014; Martı´nez-Lo´pez et al., 2015;
Mashayekhi et al., 2011; Muzaki et al., 2016; Sosinowski et al.,
2013). In order to test their effect on Trm cell priming, we purified
CD11bhi DCs and CD103+ and CD8a+ DCs from dLN of skin-in-
fected rVACV-OVA and co-cultured them with naive OT-I T cells
as above and blocking antibodies as indicated. T-bet induction
in OT-I T cells was higher after co-culture with CD103+ and
CD8a+ DCs compared with CD11bhi DCs, and was reduced by
the blockade of IL-12, IL-15, or CD24 during the co-culture (Fig-
ures 6A and 6B).
The blockade of IL-12, IL-15, or CD24 did not affect the gen-
eration of circulating memory T cells 30 days after the transfer
of OT-I T cells primed in the co-culture with DCs (Figure 6C). In
contrast, IL-12, IL-15, or CD24 blockade impaired the priming
of Trm cell precursors by DNGR-1+ DCs (Figure 6D). These re-
sults support that, together with increased and prolonged signal
1 via DNGR-1, additional signals from CD103+ and CD8a+ DCs
that promote T-bet expression during priming (including CD24,
IL-12, or IL-15) selectively favor Trm over circulating memory
T cell generation.
Deficient Crosspriming Selectively Impairs Lung Trm
Cell Generation and Vaccination
To extend our results, we tested generation of circulating
memory T cells and lung Trm cells following intranasal (i.n.)Iminfection with influenza A virus. We
tracked lung CD8+ Trm cells 40 days af-
ter influenza PR8 virus infection (Laidlaw
et al., 2014) (Figure S6A). DNGR-1 defi-
ciency resulted in impaired endogenousgeneration of Trm cells specific for two influenza epitopes
analyzed (NP and PA) (Figure 7A and S6B–S6D). In the case
of NP, CD103+ and CD103 Trm cells were generated,
whereas for PA, most Trm cells generated were CD103+. In
contrast, DNGR-1 deficiency did not affect generation of NP-
specific circulating memory T cells in the inguinal LN, while
PA-specific circulating memory T cells were even increased
(Figure 7B and S6E–S6G). These results further support the
notion that priming of Trm cells and circulating memory
T cells is differentially regulated by DNGR1+ DCs in several
viral infection models.
Next, we investigated whether a recombinant VACV express-
ing the influenza nucleoprotein (rVACV-NP) could generate NP-
specific Trm cells in a DNGR-1 and Batf3-dependent fashion.
Following rVACV-NP intranasal (i.n.) administration, crosspre-
sentation deficiency did not affect the early CD8+ T cell effector
responses (Figure S6H) or circulating memory CD8+ T cell
compartment in the LN (Figure 7C). In contrast, the lung-resident
CD8+ T cell memory compartment was severely depleted in the
absence of DNGR-1 or Batf3 (Figure 7D and S6I).
To test the effect of deficient Trm cell generation on vaccina-
tion, we used rVACV-NP administered i.n. as a vaccine vector
against influenza A virus. In this model, protection from influenza
virus infection is dependent on memory CD8+ T cells specific for
NP (Slu¨tter et al., 2013). We found that, in contrast to WT mice,
Clec9agfp/gfp and Batf3/ mice were not protected against
pulmonary influenza virus challenge 60d after i.n. infection
with rVACV-NP (Figures 7E and 7F). In conclusion, protective
mucosal immunity depends on optimal Trm cell induction by
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DISCUSSION
The induction of long-lived cell-mediated immunity in non-
lymphoid tissues is amajor challenge for rational vaccine design.
Recent contributions focus on how Trm cells are differentiated in
non-lymphoid tissues (Bergsbaken and Bevan, 2015; Mackay
et al., 2013; Mackay et al., 2015; Skon et al., 2013; Wakim
et al., 2010; Wakim et al., 2012), but specific priming require-
ments for Trm cell generation are unknown. Fate decision be-
tween effector and memory CD8+ T cell differentiation occurs
early upon T cell priming (Iborra et al., 2013; Kim et al., 2014;
Rao et al., 2010). The reconstitution of mature Trm cells upon
adoptive transfer with a KLRG1lo subset from day 7 spleen sup-
ports the existence of an imprinted Trm precursor generated in
secondary lymphoid organs (Mackay et al., 2013). Our data sup-
port that Trm and circulating memory cell precursors are gener-
ated together in the LN, consistent with a common naive T cell
precursor for both subsets (Gaide et al., 2015). Our results indi-
cate that strength and duration of specific priming signals from
DCs differentially affect these TCR-identical cells to generate
circulating versus tissue-resident memory CD8+ T cells.
Crosspriming results in transient inactivation of Foxo1 in CD8
T cells favoring their retention in the LN. Foxo1 inactivation de-
pends on the kinase mTORC1 (Rao et al., 2012), and rapamycin,
a well-known mTORC1 kinase inhibitor, enhances circulating
memory T cell precursor differentiation in vivo when adminis-
tered at low doses (Araki et al., 2009; Pearce et al., 2009) but
selectively impairs Trm cell generation (Sowell et al., 2014).
Crosspriming also transiently induced T-bet correlating with
generation of Trm cell precursors in the LN. While low-affinity
T cells, which exhibit low expression of T-bet during priming,
preferentially differentiate into central memory cell precursors
(Knudson et al., 2013), Trm cells are enriched in high-affinity
TCRs compared with their circulating counterparts (Frost et al.,
2015). T-bet induction at priming might also favor longer reten-
tion in the LN (Mackay et al., 2015) of T cells that finally egress
with lower T-bet and KLRG1 expression. Indeed, we found
higher expression of T-bet and KLRG1 in skin T cells of cross-
priming-deficient mice, consistent with a negative role of high
expression of T-bet during Trm cell differentiation in the skin
(Laidlaw et al., 2014; Mackay et al., 2015). Notably, impaired
crosspriming does not impact Eomes expression, which would
explain the lack of an effect on circulating memory T cell gener-
ation (Iborra et al., 2013; Joshi et al., 2007; Rao et al., 2010).
Consistent with previous reports (Xu et al., 2010), our current
data support that direct presentation is sufficient for generation
of a fully functional circulating effector and memory response
against most VACV-derived peptides. DNGR-1-mediated cross-Figure 7. Deficient Crosspriming Selectively Impairs Lung Trm Cell Ge
(A and B) Memory CD8+ T cells were assessed 40 days after i.n. challenge with i
mice. (A) Representative plots and frequencies in the CD8+ compartment of CD
CD8b cells) CD45+CD8+ T cells (see Figure S6A). (B) Frequencies of Db-NP366-37
(C and D) Mice were infected i.n. with rVACV-NP and analyzed 60 days p.i. (C) Rep
memory CD8+ T cells in the inguinal LN (iLN). (D) Representative plots and frequenc
(E and F) Mice were immunized with 53 103 pfu of rVACV-NP or VACV-WR and 60
(p = log rank test) (F) weight loss, mean ± SEM. (A–D) Arithmetic mean and individ
shown. (E and F) n = 10, one experiment representative of two performed. (A–D, F
ANOVA with Bonferroni post hoc test). See also Figure S6.priming is required for optimal generation of effector CTLs
against peptides that are highly or strictly dependent on cross-
presentation, as we previously described (Iborra et al., 2012),
and to induce Trm cell precursors that generate functional Trm
cells that promote resistance upon reinfection in barrier tissues.
Crosspresentation might prolong antigen availability for CD8+
T cells (Heipertz et al., 2014), which has been shown to deter-
mine fate decisions during priming (Henrickson et al., 2013).
Our data show that the strength and persistence of antigen
presentation was impaired in the absence of DNGR-1 crossprim-
ing, preferentially decreasing the generation of Trm over circu-
lating memory T cells. These results suggest that the priming
threshold for the generation of Trm cell precursors differs from
that for circulating memory T cell precursors. Reduced availabil-
ity of antigen and/or activating signals over time has been linked
to memory differentiation, whereas increased stimulation over
time promotes effector and/or effector-memory differentiation
(Badovinac et al., 2007; D’Souza and Hedrick, 2006). Our results
suggest that Trm cell precursors are more related to an effector
differentiation pathway as they require strong priming by Batf3-
dependent DCs.
The KLF2-dependent receptor S1P is downregulated after
T cell activation, leading to retention in the dLN during priming
(Carlson et al., 2006). When priming signals are decreased,
KLF2 and S1P are upregulated, allowing primed T cells to
egress from the LN and access the skin, where inflammatory sig-
nals again result in KLF2 and S1P downregulation (Skon et al.,
2013). We found that downregulation of KLF2 and S1P during
priming in the LN was more transient in the absence of crosspre-
sentation. As a probable consequence, T cells exit to the blood in
greater numbers and are recruited to the skin earlier, but
because they are KLRG1+ they might not generate Trm cells in
the skin (Mackay et al., 2013), but rather behave as terminal
effectors (Joshi et al., 2007; Sarkar et al., 2008). Supporting
this, we found increased skin effector T cell contraction rate
and reduced rate of generation of Trm in crosspriming-deficient
mice. Inhibition of S1P-mediated egress with FTY720 resulted
in significantly more Trm cells in WT mice. However, inhibition
of egress was not sufficient to fully rescue the impaired Trm
cell generation in the absence of crosspresentation.
Our data show that priming of naive CD8+ T cells to induce Trm
cell precursors wasmediated by Batf3-dependent DCs in the LN
and required DNGR-1. However, Batf3 and DNGR-1 were not
required for local differentiation of Trm cell precursors in the
skin, which also required antigen presentation. It is conceivable
that different DC subsets work cooperatively to promote priming
in the LN and differentiation in the skin, as human lung tissue-
resident CD1c+ DCs, but not Batf3-dependent CD141+ DCs,neration and Vaccination
nfluenza A virus PR8 (0.2 3 LD50) in WT and DNGR-1-deficient (Clec9agfp/gfp)
103+ and CD103 Db-NP366-374 tetramer positive in lung-localized (unlabelled
4 tetramer-positive in the circulating memory CD8
+ T cells in iLN.
resentative plots and frequencies of Db-NP366-374 tetramer-positive circulating
ies of Db-NP366-374 tetramer positive CD8
+ T cells in lung-localizedCD45+cells.
days later challenged with influenza A virus PR8 (23 LD50). (E) Survival curves
ual data pooled from at least two representative independent experiments are
). *p < 0.05; **p < 0.01; ***p < 0.001 (A, B, F) Student’s t test; (C and D) one-way
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drive differentiation of CD8+ T cells with a Trm cell phenotype (Yu
et al., 2013). This need of antigen for Trm cell lodgment and dif-
ferentiation in tissues has been described (Wakim et al., 2010),
but is not found in other systems (Casey et al., 2012; Mackay
et al., 2013; Mackay et al., 2012), suggesting that priming or
differentiation requirements depend on the pathogen or inflam-
matory insult (Gaide et al., 2015). In fact, a remaining Trm cell
fraction in our system can be still generated in the absence of
crosspriming. Notably, supplementation with pre-processed
antigen in vitro did not rescue the inability of CD11bhi DCs to
generate cell Trm precursors, indicating that only CD103+ or
CD8a+ crosspresenting DCs can provide the appropriate signals
for priming Trm cells during VACV infection. There are specific
signals that qualitatively distinguish priming via Batf3-dependent
DCs versus CD11bhi DCs, including CD24, IL-12, and IL-15 (Kim
et al., 2014;Martı´nez-Lo´pez et al., 2015; Mashayekhi et al., 2011;
Muzaki et al., 2016; Sosinowski et al., 2013). We found that
blockade on the priming capacity of DNGR-1+ DCs mediated
by any of these signals impaired T-bet expression during priming
and Trm but not circulating memory T cell generation. Our data
indicate that priming in cis by DNGR-1+ DCs is needed for Trm
cell generation, which occurs operationally via DNGR-1-medi-
ated crosspriming and might depend on the nature of the infec-
tion (Desch et al., 2014).
Our results contribute to open research avenues investigating
the differential factors needed for improving priming of Trm
cell responses and thus more effective skin or mucosal CD8+
T cell vaccination. Optimal immunization would require adequate
access of antigen and adjuvants to promote priming via
Batf3-dependent DCs, conditions that enhance Trm cell gen-




Mouse colonies were bred at the CNIC in specific pathogen-free conditions.
Clec9agfp/gfp mice (DNGR-1-deficient, B6(Cg)-Clec9atm1.1Crs/J) (Sancho
et al., 2009) and Batf3/ mice (B6.129S(C)-Batf3tm1Kmm/J, kindly provided
by Dr. K. M. Murphy, Washington University, St. Louis, MO) (Hildner et al.,
2008) were backcrossed to the C57BL/6 background. OT-I transgenic mice
(C57BL/6-Tg(TcraTcrb)1100Mjb/J) were mated with B6-SJL (Ptprca Pepcb/
BoyJ) expressing CD45.1 allele, both from The Jackson Laboratory. Animal
studies were approved by the local ethics committee. All animal procedures
conformed to EU Directive 2010/63EU and Recommendation 2007/526/EC
regarding the protection of animals used for experimental and other scientific
purposes, enforced in Spanish law under Real Decreto 1201/2005.
Viral Infections, Adoptive Transfer, and FTY720 Treatment
VACV WR strain, rVACV expressing full-length OVA and the rVACV containing
the influenza A/Puerto Rico/8/34 virus nucleoprotein were a gift from J. W.
Yewdell and J. R. Bennink (NIH, Bethesda, MD) and were kindly provided by
M. del Val (CBMSO, Madrid). Stocks were grown and virus titration was per-
formed as described (Iborra et al., 2012). Mice were infected i.n. (5 3 103
pfu), or i.d. into the ear pinnae (5 3 104 or 1 3 106 pfu) or by skin scarification
(s.s.) in the base of tail (1 3 106 pfu) or i.p. (1 3 106 pfu) with the stated VACV
strain or i.d. (1 3 105) with MVA (B. Moss, NIH, Bethesda, MD), where indi-
cated. Influenza A/Puerto Rico/8/34 PR8 virus was kindly provided by E. Nis-
tal-Villa´n (University CEU San Pablo, Madrid). Naive OT-I T cells (105), in vivo
primedOT-I T cells (105), in vitro activatedOT-I T cells (104) purified by negative
selection or B8R-specific CD8 T cells (53 103) sorted by flow cytometry were
adoptively transferred to mice where indicated. FTY720 (Cayman Chemical)
was inoculated i.p. (7 mg/kg) in aqueous solution.858 Immunity 45, 847–860, October 18, 2016Processing of Ears, Lungs, and dLN
Ears, lungs, or LNs were harvested from naive mice or mice infected at the indi-
cated timesandsingle-cell suspensionswerepreparedby liberase/DNasediges-
tion.DCs fromLNwere enriched using anti-CD11c-microbeads (Miltenyi Biotec).
CD8+ T cells were enriched by negative selection using a cocktail of biotin-con-
jugated antibodies (anti-CD11c, CD11b, B220, MHC-II, CD4, NK1.1) followed
by separation with Streptavidin-microbeads (Miltenyi Biotec). T cells were
restimulated to induce cytokine production by co-culture with DCs for 6 hr, and
brefeldin A (Sigma, 5 mg/ml) added for the last 4 hr of culture. When needed, en-
riched CD11c+ cells were further sorted into CD11bloCD8a+CD103, migratory
CD11bloCD8a CD103+and CD11bhi CD8a CD103 DCs in a BD FACSAria
Sorter or a Sony Synergy 4L Cell Sorter. Where indicated, DC subsets were
co-cultured with naive OT-I T cells in the presence or not of blocking antibodies
to IL-12 (C17.8; In Vivo Ready Tonbo Biosciences), IL-15 (AIO.3, eBioscience),
CD24 (clone M1/69, gifted by C. Ardavı´n), or control antibody (rat IgG).
Peptides, Tetramers, Antibodies, and Flow Cytometry
The 20TSYKFESV27 (B8R) peptide was a kind gift from Hisse M. Van Santen
(CBMSO, Madrid). The peptide 257SIINFEKL264 from ovalbumin was pur-
chased from GenScript. APC-labeled tetramers specific for VACV, H-2Kb
(20TSYKFESV27, B8R), and for Influenza A virus, H2-Db (366ASNENMETM374,
NP) and H2-Db (224SSLENFRAYV233, PA) were provided by the NIH Tetramer
Facility at Emory University. APC-labeled dextramers specific for OVA H-2Kb
(257SIINFEKL264) were purchased from Immudex.
Samples for flow cytometry were stained in ice-cold PBS supplemented
with 2mM EDTA, 1% FCS, and 0.2% sodium azide, with the appropriate anti-
body cocktails. Anti-mouse CD45, CD4, CD8a, CD8b, CD11b, CD11c, CD103,
CD62L, CD44, CXCR3, KLRG1, Eomes, T-bet, IFN-g, and I-Ab (MHC-II)
antibodies conjugated to biotin, FITC, PE, PerCP-Cy5.5, V450, or APC were
obtained from eBioscience, BD PharMingen, and BioLegend. APC-Cy7 CD8
was from Tonbo Biosciences. For proliferation assays, OT-I T cells were
fluorescently labeled (5 mM, CellTraceTM Violet). Antibodies to Foxo1 phos-
phorylated at Ser256 and total Foxo1 antibody (L27) were from Cell Signaling.
Intracellular staining of transcription factors was performed using the Foxp3-
fixation-permeabilization buffer from eBioscience. Events were acquired using
a FACSCanto flow cytometer or FACSDiva (Becton Dickinson) and data were
analyzed using FlowJo software (Tree Star). Intravascular staining was per-
formed as described (Laidlaw et al., 2014). Briefly, a total of 3 mg anti–CD8b
was injected i.v. At 3 min after injection, the animals were sacrificed, bled,
and perfused with 10 ml cold PBS. The LNs and lung were harvested and lym-
phocytes were isolated as described.
Statistical Analysis
The statistical analysis was performed using Prism software (GraphPad Soft-
ware). Variance equality among groups was determined using F-test. Statisti-
cal significance for comparison between two groups of samples coming from a
normal distribution (Shapiro-Wilk test for normality) was determined using the
unpaired two-tailed Student’s t test. For comparison of more than two groups,
one-way ANOVA and Bonferroni post hoc test was used. A p value < 0.05 was
considered significant. Mice were used randomly in the different experimental
procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures and Supplemental Experimental
Procedures and can be found with this article online at http://dx.doi.org/10.
1016/j.immuni.2016.08.019.
AUTHOR CONTRIBUTIONS
S.I., M. M.-L., S.C.K, M.E., F.J.C., R.C.-G. and C.d.F. did the experiments. S.I.
and D.S. conceived and designed experiments, analyzed data, and wrote the
manuscript. All the authors discussed the results and the manuscript.
ACKNOWLEDGMENTS
We are grateful to C. Reis e Sousa, E. Ferna´ndez-Malave´, M. del Val, J.
Boettcher, M. Robinson, and members of the D.S. laboratory for discussions
and critical reading of the manuscript. We thank the CNIC facilities, personnel,
and S. Bartlett for editorial assistance. We acknowledge the NIH Tetramer
Core Facility (contract HHSN272201300006C) for MHC-I tetramers. S.I. is
funded by grant SAF2015-74561-JIN. Work in the D.S. laboratory is funded
by the CNIC and grants from the Spanish Ministry of Economy and Competi-
tiveness (MINECO, SAF-2013-42920R), the European Commission (635122-
PROCROP H2020), and the European Research Council (ERC-2010-StG
260414). The CNIC is supported by theMINECO and the Pro-CNIC Foundation
and is a Severo Ochoa Center of Excellence (MINECO award SEV-2015-0505).
Received: October 29, 2015
Revised: February 15, 2016
Accepted: August 10, 2016
Published: September 27, 2016
REFERENCES
Alexandre, Y.O., Ghilas, S., Sanchez, C., Le Bon, A., Crozat, K., and Dalod, M.
(2016). XCR1+ dendritic cells promote memory CD8+ T cell recall upon
secondary infections with Listeria monocytogenes or certain viruses. J. Exp.
Med. 213, 75–92.
Araki, K., Turner, A.P., Shaffer, V.O., Gangappa, S., Keller, S.A., Bachmann,
M.F., Larsen, C.P., and Ahmed, R. (2009). mTOR regulates memory CD8
T-cell differentiation. Nature 460, 108–112.
Ariotti, S., Hogenbirk, M.A., Dijkgraaf, F.E., Visser, L.L., Hoekstra, M.E., Song,
J.Y., Jacobs, H., Haanen, J.B., and Schumacher, T.N. (2014). T cell memory.
Skin-resident memory CD8+ T cells trigger a state of tissue-wide pathogen
alert. Science 346, 101–105.
Badovinac, V.P., Haring, J.S., and Harty, J.T. (2007). Initial T cell receptor
transgenic cell precursor frequency dictates critical aspects of the CD8(+)
T cell response to infection. Immunity 26, 827–841.
Bergsbaken, T., and Bevan, M.J. (2015). Proinflammatory microenvironments
within the intestine regulate the differentiation of tissue-resident CD8+ T cells
responding to infection. Nat. Immunol. 16, 406–414.
Carlson, C.M., Endrizzi, B.T., Wu, J., Ding, X., Weinreich, M.A., Walsh, E.R.,
Wani, M.A., Lingrel, J.B., Hogquist, K.A., and Jameson, S.C. (2006).
Kruppel-like factor 2 regulates thymocyte and T-cell migration. Nature 442,
299–302.
Casey, K.A., Fraser, K.A., Schenkel, J.M., Moran, A., Abt, M.C., Beura, L.K.,
Lucas, P.J., Artis, D., Wherry, E.J., Hogquist, K., et al. (2012). Antigen-indepen-
dent differentiation andmaintenance of effector-like resident memory T cells in
tissues. J. Immunol. 188, 4866–4875.
D’Souza, W.N., and Hedrick, S.M. (2006). Cutting edge: latecomer CD8 T cells
are imprinted with a unique differentiation program. J. Immunol. 177, 777–781.
Desch, A.N., Gibbings, S.L., Clambey, E.T., Janssen, W.J., Slansky, J.E., Kedl,
R.M., Henson, P.M., and Jakubzick, C. (2014). Dendritic cell subsets require
cis-activation for cytotoxic CD8 T-cell induction. Nat. Commun. 5, 4674.
Frost, E.L., Kersh, A.E., Evavold, B.D., and Lukacher, A.E. (2015).
Cutting Edge: Resident Memory CD8 T Cells Express High-Affinity TCRs.
J. Immunol. 195, 3520–3524.
Gaide, O., Emerson, R.O., Jiang, X., Gulati, N., Nizza, S., Desmarais, C.,
Robins, H., Krueger, J.G., Clark, R.A., and Kupper, T.S. (2015). Common clonal
origin of central and resident memory T cells following skin immunization. Nat.
Med. 21, 647–653.
Gebhardt, T., Wakim, L.M., Eidsmo, L., Reading, P.C., Heath, W.R., and
Carbone, F.R. (2009). Memory T cells in nonlymphoid tissue that provide
enhanced local immunity during infection with herpes simplex virus. Nat.
Immunol. 10, 524–530.
Heipertz, E.L., Davies, M.L., Lin, E., and Norbury, C.C. (2014). Prolonged anti-
gen presentation following an acute virus infection requires direct and then
cross-presentation. J. Immunol. 193, 4169–4177.
Henrickson, S.E., Perro, M., Loughhead, S.M., Senman, B., Stutte, S., Quigley,
M., Alexe, G., Iannacone, M., Flynn, M.P., Omid, S., et al. (2013). Antigen avail-
ability determines CD8+ T cell-dendritic cell interaction kinetics and memory
fate decisions. Immunity 39, 496–507.Hildner, K., Edelson, B.T., Purtha, W.E., Diamond, M., Matsushita, H.,
Kohyama, M., Calderon, B., Schraml, B.U., Unanue, E.R., Diamond, M.S.,
et al. (2008). Batf3 deficiency reveals a critical role for CD8alpha+ dendritic
cells in cytotoxic T cell immunity. Science 322, 1097–1100.
Huysamen, C., Willment, J.A., Dennehy, K.M., and Brown, G.D. (2008).
CLEC9A is a novel activation C-type lectin-like receptor expressed on
BDCA3+ dendritic cells and a subset of monocytes. J. Biol. Chem. 283,
16693–16701.
Iborra, S., Izquierdo, H.M., Martı´nez-Lo´pez, M., Blanco-Mene´ndez, N., Reis e
Sousa, C., and Sancho, D. (2012). The DC receptor DNGR-1 mediates cross-
priming of CTLs during vaccinia virus infection in mice. J. Clin. Invest. 122,
1628–1643.
Iborra, S., Ramos, M., Arana, D.M., La´zaro, S., Aguilar, F., Santos, E., Lo´pez,
D., Ferna´ndez-Malave´, E., andDel Val, M. (2013). N-ras couples antigen recep-
tor signaling to Eomesodermin and to functional CD8+ T cell memory but not to
effector differentiation. J. Exp. Med. 210, 1463–1479.
Jiang, X., Clark, R.A., Liu, L., Wagers, A.J., Fuhlbrigge, R.C., and Kupper, T.S.
(2012). Skin infection generates non-migratory memory CD8+ T(RM) cells
providing global skin immunity. Nature 483, 227–231.
Joshi, N.S., Cui, W., Chandele, A., Lee, H.K., Urso, D.R., Hagman, J., Gapin, L.,
and Kaech, S.M. (2007). Inflammation directs memory precursor and short-
lived effector CD8(+) T cell fates via the graded expression of T-bet transcrip-
tion factor. Immunity 27, 281–295.
Khan, T.N., Mooster, J.L., Kilgore, A.M., Osborn, J.F., and Nolz, J.C. (2016).
Local antigen in nonlymphoid tissue promotes resident memory CD8+ T cell
formation during viral infection. J. Exp. Med. 213, 951–966.
Kim, T.S., Gorski, S.A., Hahn, S., Murphy, K.M., and Braciale, T.J. (2014).
Distinct dendritic cell subsets dictate the fate decision between effector and
memory CD8(+) T cell differentiation by a CD24-dependent mechanism.
Immunity 40, 400–413.
Knudson, K.M., Goplen, N.P., Cunningham, C.A., Daniels, M.A., and Teixeiro,
E. (2013). Low-affinity T cells are programmed to maintain normal primary
responses but are impaired in their recall to low-affinity ligands. Cell Rep. 4,
554–565.
Laidlaw, B.J., Zhang, N., Marshall, H.D., Staron, M.M., Guan, T., Hu, Y.,
Cauley, L.S., Craft, J., and Kaech, S.M. (2014). CD4+ T cell help guides forma-
tion of CD103+ lung-resident memory CD8+ T cells during influenza viral infec-
tion. Immunity 41, 633–645.
Mackay, L.K., Stock, A.T., Ma, J.Z., Jones, C.M., Kent, S.J., Mueller, S.N.,
Heath, W.R., Carbone, F.R., and Gebhardt, T. (2012). Long-lived epithelial im-
munity by tissue-resident memory T (TRM) cells in the absence of persisting
local antigen presentation. Proc. Natl. Acad. Sci. USA 109, 7037–7042.
Mackay, L.K., Rahimpour, A., Ma, J.Z., Collins, N., Stock, A.T., Hafon, M.L.,
Vega-Ramos, J., Lauzurica, P., Mueller, S.N., Stefanovic, T., et al. (2013).
The developmental pathway for CD103(+)CD8+ tissue-resident memory
T cells of skin. Nat. Immunol. 14, 1294–1301.
Mackay, L.K., Wynne-Jones, E., Freestone, D., Pellicci, D.G., Mielke, L.A.,
Newman, D.M., Braun, A., Masson, F., Kallies, A., Belz, G.T., and Carbone,
F.R. (2015). T-box Transcription Factors Combine with the Cytokines TGF-b
and IL-15 to Control Tissue-Resident Memory T Cell Fate. Immunity 43,
1101–1111.
Martı´nez-Lo´pez, M., Iborra, S., Conde-Garrosa, R., and Sancho, D. (2015).
Batf3-dependent CD103+ dendritic cells are major producers of IL-12 that
drive local Th1 immunity against Leishmania major infection in mice. Eur. J.
Immunol. 45, 119–129.
Mashayekhi, M., Sandau, M.M., Dunay, I.R., Frickel, E.M., Khan, A.,
Goldszmid, R.S., Sher, A., Ploegh, H.L., Murphy, T.L., Sibley, L.D., and
Murphy, K.M. (2011). CD8a(+) dendritic cells are the critical source of inter-
leukin-12 that controls acute infection by Toxoplasma gondii tachyzoites.
Immunity 35, 249–259.
Masopust, D., Vezys, V., Wherry, E.J., Barber, D.L., and Ahmed, R. (2006).
Cutting edge: gut microenvironment promotes differentiation of a unique
memory CD8 T cell population. J. Immunol. 176, 2079–2083.Immunity 45, 847–860, October 18, 2016 859
Masopust, D., Choo, D., Vezys, V., Wherry, E.J., Duraiswamy, J., Akondy, R.,
Wang, J., Casey, K.A., Barber, D.L., Kawamura, K.S., et al. (2010). Dynamic
T cell migration program provides resident memory within intestinal epithe-
lium. J. Exp. Med. 207, 553–564.
Mueller, S.N., and Mackay, L.K. (2016). Tissue-resident memory T cells: local
specialists in immune defence. Nat. Rev. Immunol. 16, 79–89.
Muzaki, A.R., Tetlak, P., Sheng, J., Loh, S.C., Setiagani, Y.A., Poidinger, M.,
Zolezzi, F., Karjalainen, K., and Ruedl, C. (2016). Intestinal CD103(+)CD11b(-)
dendritic cells restrain colitis via IFN-g-induced anti-inflammatory response in
epithelial cells. Mucosal Immunol. 9, 336–351.
Norbury, C.C., Malide, D., Gibbs, J.S., Bennink, J.R., and Yewdell, J.W. (2002).
Visualizing priming of virus-specific CD8+ T cells by infected dendritic cells
in vivo. Nat. Immunol. 3, 265–271.
Pearce, E.L., Walsh, M.C., Cejas, P.J., Harms, G.M., Shen, H., Wang, L.S.,
Jones, R.G., and Choi, Y. (2009). Enhancing CD8 T-cell memory bymodulating
fatty acid metabolism. Nature 460, 103–107.
Poulin, L.F., Salio, M., Griessinger, E., Anjos-Afonso, F., Craciun, L., Chen, J.-L.,
Keller, A.M., Joffre, O., Zelenay, S., Nye, E., et al. (2010). Characterization
of human DNGR-1+ BDCA3+ leukocytes as putative equivalents of mouse
CD8alpha+ dendritic cells. J. Exp. Med. 207, 1261–1271.
Rao, R.R., Li, Q., Odunsi, K., and Shrikant, P.A. (2010). The mTOR kinase de-
termines effector versus memory CD8+ T cell fate by regulating the expression
of transcription factors T-bet and Eomesodermin. Immunity 32, 67–78.
Rao, R.R., Li, Q., Gubbels Bupp, M.R., and Shrikant, P.A. (2012). Transcription
factor Foxo1 represses T-bet-mediated effector functions and promotes
memory CD8(+) T cell differentiation. Immunity 36, 374–387.
Sancho, D., Moura˜o-Sa´, D., Joffre, O.P., Schulz, O., Rogers, N.C., Pennington,
D.J., Carlyle, J.R., and Reis e Sousa, C. (2008). Tumor therapy in mice via
antigen targeting to a novel, DC-restricted C-type lectin. J. Clin. Invest. 118,
2098–2110.
Sancho, D., Joffre, O.P., Keller, A.M., Rogers, N.C., Martı´nez, D., Hernanz-
Falco´n, P., Rosewell, I., and Reis e Sousa, C. (2009). Identification of a den-
dritic cell receptor that couples sensing of necrosis to immunity. Nature 458,
899–903.
Sarkar, S., Kalia, V., Haining, W.N., Konieczny, B.T., Subramaniam, S., and
Ahmed, R. (2008). Functional and genomic profiling of effector CD8 T cell sub-
sets with distinct memory fates. J. Exp. Med. 205, 625–640.
Schenkel, J.M., Fraser, K.A., Vezys, V., and Masopust, D. (2013). Sensing and
alarm function of resident memory CD8+ T cells. Nat. Immunol. 14, 509–513.860 Immunity 45, 847–860, October 18, 2016Schenkel, J.M., Fraser, K.A., Beura, L.K., Pauken, K.E., Vezys, V., and
Masopust, D. (2014). T cell memory. Resident memory CD8 T cells trigger pro-
tective innate and adaptive immune responses. Science 346, 98–101.
Seillet, C., Jackson, J.T., Markey, K.A., Brady, H.J.M., Hill, G.R., Macdonald,
K.P.A., Nutt, S.L., and Belz, G.T. (2013). CD8a+ DCs can be induced in the
absence of transcription factors Id2, Nfil3, and Batf3. Blood 121, 1574–1583.
Skon, C.N., Lee, J.Y., Anderson, K.G., Masopust, D., Hogquist, K.A., and
Jameson, S.C. (2013). Transcriptional downregulation of S1pr1 is required
for the establishment of resident memory CD8+ T cells. Nat. Immunol. 14,
1285–1293.
Slu¨tter, B., Pewe, L.L., Kaech, S.M., and Harty, J.T. (2013). Lung airway-sur-
veilling CXCR3(hi) memory CD8(+) T cells are critical for protection against
influenza A virus. Immunity 39, 939–948.
Sosinowski, T., White, J.T., Cross, E.W., Haluszczak, C., Marrack, P., Gapin,
L., and Kedl, R.M. (2013). CD8a+ dendritic cell trans presentation of IL-15 to
naive CD8+ T cells produces antigen-inexperienced T cells in the periphery
with memory phenotype and function. J. Immunol. 190, 1936–1947.
Sowell, R.T., Rogozinska, M., Nelson, C.E., Vezys, V., and Marzo, A.L. (2014).
Cutting edge: generation of effector cells that localize to mucosal tissues
and form resident memory CD8 T cells is controlled by mTOR. J. Immunol.
193, 2067–2071.
Steinert, E.M., Schenkel, J.M., Fraser, K.A., Beura, L.K., Manlove, L.S.,
Igya´rto´, B.Z., Southern, P.J., and Masopust, D. (2015). Quantifying Memory
CD8 T Cells Reveals Regionalization of Immunosurveillance. Cell 161,
737–749.
Wakim, L.M., Woodward-Davis, A., and Bevan, M.J. (2010). Memory T cells
persisting within the brain after local infection show functional adaptations to
their tissue of residence. Proc. Natl. Acad. Sci. USA 107, 17872–17879.
Wakim, L.M., Woodward-Davis, A., Liu, R., Hu, Y., Villadangos, J., Smyth, G.,
and Bevan, M.J. (2012). The molecular signature of tissue resident memory
CD8 T cells isolated from the brain. J. Immunol. 189, 3462–3471.
Xu, R.-H., Remakus, S., Ma, X., Roscoe, F., and Sigal, L.J. (2010). Direct pre-
sentation is sufficient for an efficient anti-viral CD8+ T cell response. PLoS
Pathog. 6, e1000768.
Yu, C.I., Becker, C.,Wang, Y., Marches, F., Helft, J., Leboeuf, M., Anguiano, E.,
Pourpe, S., Goller, K., Pascual, V., et al. (2013). Human CD1c+ dendritic cells
drive the differentiation of CD103+ CD8+ mucosal effector T cells via the cyto-
kine TGF-b. Immunity 38, 818–830.
nature immunology  VOLUME 17 NUMBER 9 SEPTEMBER 2016 1037
A rt i c l e s
Macrophages are phagocytic immune cells that reside in most tissues 
and thus constitute the first line of host defense against invading 
microorganisms1. They express a wide variety of innate immuno-
logical receptors, which allows them to precisely determine micro-
bial features such as pathogenicity, invasiveness or viability to ‘fine 
tune’ their differentiation program2,3. To meet their immunological 
functions, macrophages metabolize a variety of carbon substrates, 
including glucose, fatty acids, ketone bodies and amino acids. 
Adaptations of cellular metabolism thus seem to be critically associ-
ated with macrophage activation4–7 and might contribute to macro-
phage functional requirements8–10. The activation of macrophages 
by the Gram-negative bacterial cell-wall component lipopolysaccha-
ride (LPS) via Toll-like receptor 4 (TLR4) induces profound meta-
bolic reprogramming that culminates in enhanced glycolysis, while 
glutamine replenishes the tricarboxylic acid (TCA) cycle through 
glutaminolysis5,7. In turn, both accumulation of the TCA intermedi-
ate succinate and induction of the glycolytic enzyme hexokinase-1 
contribute to production of the pro-inflammatory cytokine inter-
leukin 1β (IL-1β) by regulating transcription of the gene encoding 
pro-IL-1β7 and activating the NLRP3 inflammasome11, respec-
tively. Accumulation of TCA-cycle intermediates might also directly 
contribute to macrophage antimicrobial functions. For example, 
LPS-activated macrophages accumulate citrate5 that can be metab-
olized to itaconic acid, which exerts direct antibacterial effects on 
various pathogens, including Salmonella enterica Typhimurium, 
Mycobacterium tuberculosis or Legionella pneumophila12,13.
At the core of the metabolic pathways is the mitochondrion, a 
bioenergetic organelle that not only contributes to energy supply, bio-
synthesis or cellular redox maintenance but also serves as a signaling 
platform for various innate immunological signaling pathways9,10,14. 
Mitochondria balance their contribution to anabolism and catabolism 
in response to the availability of fuel and oxygen, as well as in response 
to extracellular signals, including danger signals and cytokines8,9. 
All catabolic processes converge on the mitochondrial electron- 
transport chain (ETC) by supplying electrons in the form of the reduc-
tive equivalents NADH and FADH2. The ETC comprises two electron 
carriers (coenzyme Q and cytochrome c) and four respiratory 
complexes (CI–CIV); these complexes, except for CII, can dynami-
cally assemble as larger molecular super-complexes (SCs) in the mito-
chondrial inner membrane15,16. The dynamic assembly of respiratory 
complexes into SCs has been proposed to confer functional advantages 
to the cells by potentiating electron flux within the ETC, preventing 
the generation of ROS by sequestering reactive intermediates or sta-
bilizing individual respiratory complexes15. Whether super-assembly 
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Mitochondrial respiratory-chain adaptations in 
macrophages contribute to antibacterial host defense
Johan Garaude1,2,9,10, Rebeca Acín-Pérez1,9, Sarai Martínez-Cano1, Michel Enamorado1, Matteo Ugolini3, 
Estanislao Nistal-Villán4,8, Sandra Hervás-Stubbs4,5, Pablo Pelegrín6, Leif E Sander3, José A Enríquez1,7,10 & 
David Sancho1,10
Macrophages tightly scale their core metabolism after being activated, but the precise regulation of the mitochondrial  
electron-transport chain (ETC) and its functional implications are currently unknown. Here we found that recognition of live 
bacteria by macrophages transiently decreased assembly of the ETC complex I (CI) and CI-containing super-complexes and 
switched the relative contributions of CI and CII to mitochondrial respiration. This was mediated by phagosomal NADPH oxidase 
and the reactive oxygen species (ROS)-dependent tyrosine kinase Fgr. It required Toll-like receptor signaling and the NLRP3 
inflammasome, which were both connected to bacterial viability–specific immune responses. Inhibition of CII during infection 
with Escherichia coli normalized serum concentrations of interleukin 1b (IL-1b) and IL-10 to those in mice treated with 
dead bacteria and impaired control of bacteria. We have thus identified ETC adaptations as an early immunological-metabolic 
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of ETC respiratory complexes can contribute to immunological func-
tion remains to be determined. Nevertheless, several studies have 
highlighted the potential importance of ETC respiratory complexes in 
macrophage activation. Chemical inhibition of CI impairs production 
of the pro-inflammatory cytokine IL-1β while inducing secretion of 
the anti-inflammatory cytokine IL-10 in activated macrophages17. 
In contrast, genetic ablation of the CI subunit NDUFS4 promotes 
an inflammatory macrophage phenotype18, which suggests that CI 
activity dampens macrophage activation.
Here, we investigated whether ETC adaptations contributed to 
the metabolic switch that occurs in myeloid cells after they were 
activated via innate immune receptors5,7 and would therefore affect 
antimicrobial responses. We report that the recognition of viable 
Gram-negative bacteria through TLR- and NLRP3-dependent 
pathways transiently decreased the abundance of SCs within the 
macrophage mitochondria due to destabilization of CI. The result-
ant dampening of CI activity was accompanied by an increase in the 
activity of CII. The induction of CII activity was not observed after 
phagocytosis of dead bacteria but was restored via bacterial RNA, 
a viability-associated pathogen-associated molecular pattern that 
signals microbial life to the immune system19. Conversely, inhibition 
of CII during challenge with viable bacteria normalized the amount of 
IL-1β and IL-10 to that found after an encounter with dead bacteria. 
Our findings identify a critical role for the mitochondrial ETC 
in innate immune responses to bacterial infection and highlight 
potential therapeutic interest in manipulating the ETC.
RESULTS
Sensing of bacteria affects mitochondrial ETC architecture
To determine whether the activation of innate immune cells affects the 
mitochondrial respiratory chain, we first analyzed the ETC organiza-
tion of CD1 mouse bone-marrow-derived macrophages (BMDMs) left 
unchallenged (‘resting’) or challenged for 1.5 h with viable Escherichia 
coli K12, strain DH5α (called simply ‘E. coli’ here). Unlike C57BL/6 
mice, CD1 mice express the long isoform of SC-assembly factor I and 
consequently assemble CIV-containing SCs, which reflects the situa-
tion in human cells20. Two-dimensional gel analysis of mitochondria 
isolated from CD1 BMDMs revealed respiratory SCs containing CI 
plus dimerized CIII plus CIV (CI + CIII2 + CIV), CI plus dimerized 
CIII (CI + CIII2) or dimerized CIII plus CIV (CIII2 + CIV)20,21 in 
both resting macrophages and stimulated macrophages (Fig. 1a and 
Supplementary Fig. 1a). We then analyzed whole-BMDM lysates 
by Coomassie-blue-stained native PAGE (blue native (BN)-PAGE). 
We observed a lower abundance of CI and CI-containing SCs 
(CI + CIII2 + CIV and CI + CIII2) in CD1 BMDMs that had phago-
cytosed live E. coli than in untreated BMDMs (Fig. 1b). The amount 
of various ETC subunits (at the level of protein) was unaffected by 
E. coli challenge, despite mild transcriptional variation of some 
ETC-subunit-encoding nuclear genes (Supplementary Fig. 1b–f); this 
suggested that the changes in SC abundance were due to alterations in 
SC assembly rather than to changes in protein expression. BMDMs 
from C57BL/6 mice (called ‘wild-type’ mice here) also exhibited a 
transient reduction in the amount of CI- and CIII-containing SCs 
when incubated with E. coli (Fig. 1b–e and Supplementary Fig. 2a,b). 
Therefore, the disassembly of SCs after detection of viable bacteria 
affected all CI-containing SCs. ETC alterations were also observed in 
mouse peritoneal macrophages incubated with E. coli (Supplementary 
Fig. 2c) and were also evident after recognition of Salmonella enterica 
serovar Typhimurium SL1344 (S. enterica Typhimurium) by BMDMs 
(Supplementary Fig. 2d–f). Thus, our data indicated that the recogni-
tion of Gram-negative bacteria by macrophages induced modifications 
of the ETC architecture that were characterized by a decrease in the 
abundance of CI-associated structures.
Detection of bacteria modulates ETC-complex activity
Macrophages activated through innate immune receptors use 
glutamine rather than glucose or fatty acids as the carbon source 
for oxidative phosphorylation4–7. This adaptation results in a shift 
in the proportion of NADH-FADH2 electrons that feed the ETC22, 
which requires modulation of the proportions of the various SCs20,23. 
Stimulation of BMDMs with E. coli or S. enterica Typhimurium tran-
siently impaired the in-gel NADH dehydrogenase activity of CI within 
CI + CIII2 + CIV and CI + CIII2 SCs (Fig. 1b,d and Supplementary 
Fig. 2f), which indicated a lower abundance of CI within SCs. 
Assessment of the activity of CI and that of CI + CIII in mitochon-
dria isolated from BMDMs, by quantitative spectrophotometry, also 
indicated diminished CI-mediated respiration in response to E. coli 
relative to that in the resting condition (Fig. 2a). However, we found 
that the activity of CII and that of CII + CIII was increased and that 
the total activity of CIII and CIV remained unaltered in this context 
(Fig. 2a). To determine whether the decreased CI activity ‘translated’ 
into a drop in energy production, we measured the mitochondrial 
ATP-production rate in permeabilized BMDMs in the presence of 
glutamate plus malate, which generates intramitochondrial NADH 
that feeds electrons to CI20. CI-dependent ATP production was lower 
in BMDMs incubated with E. coli than in resting cells (Fig. 2b). Thus, 
macrophage responses to bacteria were characterized by diminished 
assembly of CI into SCs and decreased overall CI activity, consistent 
with an anti-inflammatory role for CI in macrophages18. In line with 
the effect of LPS on macrophages4,5,7, E. coli–stimulated BMDMs had 
much lower oxygen consumption on a glucose substrate than that 
of resting BMDMs, while they exerted a high glycolytic activity that 
increased their extracellular acidification rate (ECAR) and lactate 
production at 18 h after infection relative to that of resting BMDMs 
(Supplementary Fig. 3a–c). However, we found that the maximal 
respiration rate (MRR) was greater in E. coli-treated BMDMs at 2 h 
after challenge than in untreated cells (Fig. 2c and Supplementary 
Fig. 3d). This created a situation in which the spare respiratory capac-
ity (SRC) (Fig. 2d), ECAR (Fig. 2e) and lactate production (Fig. 2f) 
were increased simultaneously in BMDMs after recognition of E. coli. 
Together these data indicated that the detection of E. coli by mac-
rophages decreased the activity of ETC CI and thereby modulated 
mitochondrial respiratory parameters.
Recognition of bacteria stimulates mitochondrial CII
The concomitant decrease in the activity of CI + CIII and the 
increased MRR of E. coli–stimulated macrophages on a glucose 
substrate seemed to be contradictory and suggested that an alterna-
tive electron source would compensate for the expected decrease in 
NADH (CI)-dependent electron flux. We investigated whether bac-
terial infection–driven alterations in the macrophage ETC and the 
resulting diminished CI activity would favor the use of electrons from 
FADH2-oxidizing enzymes, as shown before15,20,24. We found much 
more CII enzymatic activity in peritoneal macrophages (Fig. 3a) or 
human CD14+CD16− primary monocytes (Fig. 3b) challenged with 
E. coli and in BMDMs challenged with S. enterica Typhimurium (Fig. 3c) 
than in their untreated counterparts. In addition, BMDMs incubated 
with E. coli increased their CII-mediated ATP production rate com-
pared with that of resting cells (Fig. 3d). The enhanced activity of 
CII (Fig. 3e) and of CII + CIII (Fig. 3f) was transient. The use of 
glucose catabolism to increase the maximum respiration rate despite 
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electrons generated by glycolysis to the mitochondrial ETC without 
the utilization of CI. This can be achieved by shuttling of cytoplasmic 
NADH electrons to coenzyme Q by mitochondria-bound glycerol-
3-phosphate dehydrogenase (mG3PDH)25. Similar to the activity 
of CII, the activity of mG3PDH (Fig. 3g,h) and of mG3PDH + CIII 
(Fig. 3i) was greater in BMDMs challenged with E. coli than in cells in 
the resting condition. Nevertheless, the increased CII activity reached 
a maximum at 0.5–1.5 h after E. coli challenge (Fig. 3e), whereas the 
induction of mG3PDH was maintained for a longer time (Fig. 3h). 
Together these data indicated that the recognition of E. coli by macro-
phages induced a transient increase in the activity of mitochondrial 
FADH2-dependent enzymes that feed electrons to CIII.
Phagosomal NADPH oxidase triggers ETC adaptations
Mitochondrial ROS (mROS), which increase within a few hours after 
E. coli is sensed26, are inherent to ETC function, which makes them 
potential regulators of CII activity in E. coli–stimulated macrophages. 
We were unable to detect substantial enhancement of mROS produc-
tion in BMDMs at 1. 5 h after E. coli challenge compared with mROS 
production in BMDMs left untreated or treated with the mROS-
inducer rotenone (Supplementary Fig. 4a,b). However, we found that 
both the mROS-specific inhibitor mitoQ27 and the broad antioxidant 
N-acetyl cysteine decreased CII enzymatic activity in untreated or 
E. coli-stimulated BMDMs (Fig. 4a), which suggested that mROS were 
required for proper CII function in macrophages. We next investi-
gated if an alternative source of ROS, phagosomal NADPH oxidase28, 
was a regulator of CII activity. In BMDMs, 15 min of challenge with 
E. coli strongly induced ROS production compared with such produc-
tion in untreated cells (Supplementary Fig. 4c). BMDMs deficient in 
the NADPH oxidase subunit gp91phox (Cybb−/−; called ‘Gp91phox−/−’ 
here) did not produce ROS in response to E. coli, in contrast to the 
production of ROS by wild-type BMDMs (Supplementary Fig. 4d-e); 
this demonstrated that the NADPH oxidase mediated ROS pro-
duction in this context. In contrast to wild-type cells, Gp91phox−/− 
BMDMs did not increase the enzymatic activity of CII in response to 
E. coli (Fig. 4b). Consequently, the E. coli–mediated increase in SRC 
observed in wild-type BMDMs was absent in Gp91phox−/− BMDMs 
(Fig. 4c and Supplementary Fig. 4f,g), while the induction of ECAR 
was similar in wild-type and Gp91phox−/− cells (Fig. 4d). The absence 
of gp91phox also prevented the decrease in the abundance of SCs in 
mitochondria isolated from E. coli–stimulated BMDMs that was 
observed in wild-type cells (Fig. 4e,f). Together these results indicated 
that phagosomal ROS were an early inducer of ETC adaptations in 
macrophages during the sensing of bacteria and acted together with 
mROS to complete those adaptations.
E. coli–mediated induction of CII activity requires Fgr
CII activity adapts to fuel use through H2O2-mediated activation via 
phosphorylation of the CII subunit SDHA by the Src-family tyrosine 
kinase Fgr29, the partner kinase of the phosphatase PTPMT1 (ref. 30). 
Fgr deficiency prevented the decrease in abundance of SCs induced by 
E. coli challenge in permeabilized wild-type BMDMs (Supplementary 
Fig. 5a–e) and in mitochondria isolated from wild-type BMDMs 



























































































































































eFigure 1 Detection of bacteria decreases the abundance of mitochondrial  
CI and CI-containing SCs. (a) Two-dimensional gel immunoblot analysis  
of mitochondria isolated from CD1 BMDMs stimulated for 1.5 h with  
medium (Ct) or viable E. coli (EC), probed with antibodies specific for  
various mETC subunits (left margin); circles indicate complex localization;  
labels in blot and below indicate SC composition: CI + CIII2 (I+III2),  
CIII2 + CIV (III2+IV) or CI + CIII2 + CIV (I+III2+IV). (b,d) BN-PAGE  
(BNGE) immunoblot and in-gel activity (IGA) assay of CI in mitochondria  
isolated from CD1 BMDMs (b) and C57BL/6J BMDMs (b,d) left  
unstimulated (Ct) or stimulated for 1.5 h (b) or 0–4 h (above lanes; d) with  
E. coli, probed with antibodies specific for various mETC subunits  
(left margin); arrows (left margin) indicate the main SCs affected.  
(c) Densitometry analysis of a BN-PAGE immunoblot of C57BL/6J BMDMs  
treated as in b, presented (in arbitrary units (AU)) as the signal ratio of  
SC CI + CIII2 to CII (top left), free CI to CII (top right), free CIII to CII  
(bottom left) and free CIII to SC CIII (bottom right); lines connect results  
for the same experiment. (e) Densitometry analysis of BN-PAGE immunoblot  
of C57BL/6J BMDMs treated as in d, presented (as in d) as the ratio of SC CI + CIII2 to CII, versus that of untreated cells (Ct). Each symbol represents 
an individual experiment; small horizontal lines indicate the mean (± s.e.m.). NS, not significant (P > 0.05); *P < 0.05, **P < 0.01 and ***P < 0.001  
(paired t-test analysis (c) or one-way analysis of variance (ANOVA) followed by Tukey’s post-test analysis (e)). Data are from one experiment 



















































1040  VOLUME 17 NUMBER 9 SEPTEMBER 2016 nature immunology
A rt i c l e s
Figure 2 Detection of bacteria induces changes 
in the activity of mitochondrial ETC complexes 
and influences mitochondrial respiration and 
glycolysis. (a) Spectrophotometry analyzing  
the activity of various mitochondrial respiratory 
complexes (above plots) in mitochondria 
isolated from BMDMs left untreated or treated 
for 1.5 h with E. coli, normalized to the activity 
of citrate synthase (CS) in those mitochondria 
(presented relative to that in mitochondria  
from untreated cells; far right) relative to  
that in mitochondria isolated from untreated 
cells, set as 100% (far left and middle left),  
or presented as the ratio of the activity of 
various complexes (above plots; middle  
right). Specific activity (in IU per mg protein; 
mean ± s.e.m.) corresponding to 100% activity: 
0.105 ± 0.013 (CI), 0.040 ± 0.008 (CII), 
0.055 ± 0.01 (CIII), 0.1 ± 0.03 (CIV), 0.23 ± 0.01 (CI + CIII), 0.02 ± 0.003 (CII + CIII) and 0.3 ± 0.01 (CS). (b) ATP synthesis in wild-type  
BMDMs left untreated or treated with E. coli, in the presence of glutamate plus malate, presented relative to that in untreated cells, set as 100% 
(corresponding to a rate of 153 ± 24.9 nmol ATP per min per mg protein (mean ± s.e.m.)). (c) Oxygen-consumption rate (OCR) of wild-type BMDMs  
left untreated or treated for 2 h with E. coli, then sequentially treated (vertical dotted lines) with oligomycin (Olig), the oxidative-phosphorylation 
inhibitor CCCP, and the ETC inhibitors rotenone and antimycin (Rot + Ant). (d–f) SRC (assessed as OCR) (d), basal ECAR (e) and extracellular  
lactate concentration (f) of wild-type BMDMs left untreated or treated for 2 h with E. coli. *P < 0.01 and **P < 0.001 (two-tailed unpaired  
Student’s t-test). Data are from three (a,d–f) or eight (b) independent experiments (mean and s.e.m.) or one experiment representative of three 
independent experiments with similar results (c; mean ± s.d.).
mice did not show the decrease in CI activity or the increase in CII 
activity observed in wild-type BMDMs in response to E. coli (Fig. 5a 
and Supplementary Fig. 5j). Similarly, Fgr−/− BMDMs preserved 
their CI-dependent ATP production and did not enhance their CII- 
mediated ATP production after detecting E. coli, in contrast to 
wild-type BMDMs (Fig. 5b). As a consequence, Fgr−/− BMDMs 
challenged with E. coli did not show a higher MRR (Supplementary 
Fig. 5k) or greater SRC (Fig. 5c) than that of resting Fgr−/− BMDMs 
but did show an increase in ECAR (Fig. 5d) and lactate production 
(Fig. 5e) similar to that of wild-type BMDMs stimulated with E. coli. 
These results indicated that Fgr was an important regulator of 
macrophage ETC adaptations during bacterial infection.
Metabolic reprogramming toward glycolysis and the accumulation 
of succinate7, together with an increase in mROS production26, con-
tributes to the antimicrobial functions of macrophages. In line with 
that, Fgr−/− BMDMs had more intracellular E. coli upon infection 
in vitro than that of wild-type BMDMs (Fig. 5f), indicative of 
enhanced survival of the bacteria within Fgr−/− BMDMs. However, 
Fgr-deficient and wild-type mice had an equal number of colony-
forming units (CFU) of E. coli in the spleen after intraperitoneal 
infection with this bacteria (Supplementary Fig. 5l,m). In line with 
that, induction of the inflammatory-cytokine-encoding genes Il1b, 
Ifnb and Tnf in response to challenge with E. coli was similar in wild-
type and Fgr−/− BMDMs (Supplementary Fig. 5n), despite slightly 
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gFigure 3 Sensing of bacteria transiently induces the  
activity of mitochondrial CII and G3PDH. (a–c,e,f) Activity  
of CII (a–c,e) or of CII + CIII (f) in thioglycollate-elicited  
wild-type peritoneal macrophages (PEM) (a), CD14+CD16−  
human monocytes (b) or wild-type BMDMs (c,e,f) left  
unstimulated (control (Ct)) or stimulated for 1.5 h (a–c,e)  
or for 0–18 h (horizontal axis; f) with E. coli or S. enterica  
Typhimurium (SL1344) (c); results are presented relative  
to those of untreated cells, set as 100%. (d) ATP synthesis  
in wild-type BMDMs left unstimulated or stimulated for  
1.5 h with E. coli, in the presence of succinate; results presented  
relative to those of untreated cells, set as 100% (corresponding to a rate of 70.4 ± 18.1 nmol ATP per min per mg protein (mean ± s.e.m.)).  
(g–i) Activity of mG3PDH (g,h) or mG3PDH + CIII (i) in thioglycollate-elicited wild-type macrophages (g) or BMDMs (h,i) left unstimulated or stimulated 
for 1.5 h (g) or for 0–18 h (horizontal axis; h,i) with E. coli (presented as in a–c,e,f). *P < 0.05 and **P < 0.001 (two-tailed unpaired Student’s t-test). 
Data are from one experiment with five mice per group (a) or three donors (b) and three technical replicates (mean ± s.e.m.) or three (c,h,i), four (f),  
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less secretion of IL-1β by Fgr−/− BMDMs than by wild-type BMDMs 
(Supplementary Fig. 5o). Together these results indicated that other 
kinases of the Src family might have compensated for the loss of Fgr 
in the expression of inflammatory cytokines31.
CII activity contributes to anti-microbial responses
Because Fgr has other targets beyond CII, we used the succinate 
dehydrogenase (SDH)-specific inhibitor 3-nitropropionic acid 
(NPA)32 to block CII activity. At the concentrations tested, NPA did 
not affect the survival or phagocytic activity of wild-type BMDMs 
(Supplementary Fig. 6a,b) but strongly repressed CII activity in rest-
ing and E. coli–stimulated BMDMs relative to its activity in untreated 
BMDMs (Supplementary Fig. 6c) without affecting bacterial SDH 
activity or growth (Supplementary Fig. 6d,e). Treatment of wild-type 
BMDMs with NPA did not prevent SC disassembly (Supplementary 
Fig. 6f) or the drop in CI-mediated ATP production induced by 
E. coli challenge but efficiently prevented the increase in CII-medi-
ated ATP production induced similarly (Supplementary Fig. 6g), in 
contrast to results obtained for untreated BMDMs. NPA treatment 
also substantially diminished the MRR induced by E. coli (Fig. 6a and 
Supplementary Fig. 6h) and ablated the increase in SRC (Fig. 6b) 
without affecting induction of the ECAR (Fig. 6c and Supplementary 
Fig. 6i) or production of lactate (Supplementary Fig. 6j) in wild-
type BMDMs. Similar results were obtained with the CII competi-
tive inhibitors dimethyl-malonate33 and thenoyltrifluoroacetone 
(Supplementary Fig. 6k–o).
We next investigated whether CII activity contributed to anti-
microbial function. Mice treated with NPA were more susceptible to 
infection with S. enterica Typhimurium than were mice treated with 
vehicle (Fig. 6d) and had a greater splenic bacterial burden at 72 h 
after intra-peritoneal infection with viable E. coli than that of their 
counterparts treated with vehicle (Fig. 6e), despite normal recruit-
ment of inflammatory cells to the peritoneal cavity (Supplementary 
Fig. 7a). The greater bacterial load in NPA-treated mice correlated 
with their lower serum concentrations of the pro-inflammatory 
cytokine IL-1β and higher concentrations of anti-inflammatory 
cytokine IL-10 than those of vehicle-treated mice, while their con-
centration of the cytokine TNF was not affected relative to that of 
vehicle-treated mice (Fig. 6f). We also found a greater number of 
viable E.coli in NPA-treated BMDMs than in vehicle-treated BMDMs 
(Fig. 6g,h), which indicated that inhibition of CII impaired macro-

































































































































Figure 4 The induction of mitochondrial CII activity and decrease  
in SC abundance after detection of E. coli relies on phagosomal ROS. 
(a,b) CII activity in wild-type (WT) and Gp91phox−/− BMDMs left 
unstimulated or stimulated for 1.5 h (a) or for 0, 1,5 or 18 h (horizontal 
axis; b) with E. coli and treated with vehicle (DMSO) or the ROS inhibitors 
N-acetylcysteine (NAC) or mitoQ (a) or given no further treatment (b); 
results are presented relative to those of untreated cells, set as  
100%. (c,d) SRC (assessed as OCR) (c) and ECAR (d) in wild-type  
and Gp91phox−/− BMDMs left unstimulated or stimulated for 2 h with  
E. coli. (e) BN-PAGE immunoblot analysis of mitochondria isolated  
from wild-type and Gp91phox−/− BMDMs left unstimulated or stimulated 
for 2 h with E. coli. (f) Densitometry of BN-PAGE, presented as the signal 
ratio of SC CI + CIII2 to CII, relative to that of untreated cells, set as 
100%. *P < 0.01 and **P < 0.001 (two-tailed unpaired Student’s t-test). 
Data are from four (a) or three (b–d,f) independent experiments with two 
(b,f) or five (c,d) technical replicates (mean and s.e.m.) or one experiment 
































































































































Figure 5 Fgr is required for the induction of CII activity after detection of E. coli. (a–e) CII activity (a), substrate-driven CI- or CII-mediated ATP 
synthesis (b), SRC (assessed as OCR) (c), ECAR (d) and extracellular lactate concentration (e) of wild-type and Fgr−/− BMDMs stimulated with E. coli; 
results in a,b are presented relative to those of untreated cells, set as 100% (corresponding (in b) to a rate of 72.1 nmol (CI; wild-type), 66.3 nmol  
(CI; Fgr−/−), 21.2 nmol (CII; wild-type) or 17.8 nmol (CII; Fgr−/−) ATP per min per mg protein). (f) Intracellular E. coli in wild-type and Fgr−/−  
BMDMs infected for 2, 5 or 18 h (horizontal axis) with E. coli at a multiplicity of infection of 5, presented as colony-forming units (CFU). *P < 0.05, 
**P < 0.01 and ***P < 0.001 (two-tailed unpaired Student’s t-test). Data are from seven (a), three (b–e) or two (f) independent experiments with  
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had lower E. coli–induced expression of IL-1β protein and Il1b and Ifnb 
mRNA than that of their untreated counterparts but had TNF expres-
sion similar to that of their untreated counterparts (Supplementary 
Fig. 7b,c), consistent with the relative insensitivity of TNF produc-
tion to macrophage-metabolic fluctuations and oxygen availability7,34. 
Itaconic acid, which results from decarboxylation of the TCA-cycle 
intermediate cis-aconitate, has anti-bacterial properties12. We found 
that the TCA-cycle intermediate fumarate, which is produced by the 
oxidation of succinate by CII, strongly inhibited bacterial growth 
(Supplementary Fig. 7d) and induced bacterial death, while suc-
cinate had negligible effects relative to those of PBS (Supplementary 
Fig. 7e,f). To exclude the possibility that mere lowering of the pH 
accounted for the observed effects of fumarate on bacteria viability, 
we used ester forms of these TCA intermediates. Dimethyl fumarate 
impaired the growth of E. coli (Fig. 6i) and S. enterica Typhimurium 
in vitro (Fig. 6j), but dimethyl succinate did not. These data identified 
CII as an important contributor to the macrophage mitochondrial 
respiratory functions needed for anti-microbial responses.
Microbial viability drives ETC adaptations
In contrast to viable E. coli, heat-killed E. coli did not affect the assem-
bly of CI or the CI + CIII2 SC in BMDMs (Fig. 7a and Supplementary 
Fig. 8a,b). In contrast to viable E. coli, heat-killed E. coli did not 
impair the in-gel activity of CI within the CI + CIII2 SC (Fig. 7a) and 
failed to increase mitochondrial MRR (Supplementary Fig. 8c) or 
SRC (Fig. 7b) in BMDMs. However, viable and heat-killed E. coli both 
efficiently induced ECAR (Fig. 7c), lactate release (Supplementary 
Fig. 8d) and mG3PDH activity (Supplementary Fig. 8e) in BMDMs, 
probably reflective of the ability of LPS to trigger a glycolytic switch 
in macrophages5,7. Unlike viable E. coli, heat-killed E. coli did not 
induce CII activity in BMDMs (Fig. 7d), human CD14+CD16− mono-
cytes (Fig. 7e) or peritoneal macrophages (Supplementary Fig. 8f). 
Notably, live E. coli were more efficient than heat-killed E. coli  
at inducing phagosomal ROS production by wild-type BMDMs 
(Fig. 7f and Supplementary Fig. 8g), which was required for the 
induction of CII and SRC in macrophages. These findings indicated 
that stimuli associated with viable bacteria triggered ETC adaptations 
in macrophages.
An association with bacterial viability has been suggested for 
several bacterial molecules2,35, including bacterial RNA19. We found 
that CII activity in BMDMs was enhanced in response to RNA 
purified from E. coli and was unaffected when the RNA preparations 
were pre-treated with RNases (Fig. 7g and Supplementary Fig. 8h). 
The double-stranded RNA mimic polyinosinic:polycytidylic acid 
(poly(I:C)) and the single-stranded RNA mimic R848 (which trigger 
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i jFigure 6 Mitochondrial CII contributes to macrophage  
bactericidal capacity. (a) OCR in BMDMs stimulated for  
2 h with E. coli plus PBS or NPA (key), then sequentially  
treated with oligomycin, CCCP, and rotenone plus  
antimycin. (b,c) SRC (assessed as OCR) (b) and ECAR (c)  
in BMDMs left unstimulated or stimulated for 2 h with  
E. coli plus PBS or NPA (key). (d) Survival of wild-type mice  
infected with 1 × 109 S. enterica Typhimurium by gavage  
and treated with PBS or NPA (50 mg per kg body weight),  
or left uninfected and treated with NPA alone (key). (e,f) Splenic  
bacterial burden (e) and serum concentration of IL-1β, IL-10 and TNF (f) in PBS- or NPA-treated wild-type mice at 72 h (e) or 2 h (f) after no infection (Ct) 
or intraperitoneal injection of 1 × 108 E. coli (e) or 1 × 109 E. coli (f). (g) Intracellular E. coli in PBS- or NPA-treated wild-type BMDMs infected for 2, 5 or 
18 h (horizontal axis) with E. coli at a multiplicity of infection of 5. (h) Immunoblot analysis of SDS-solubilized extracts of PBS- or NPA-treated wild-type 
BMDMs infected for 0, 2, 5 or 18 h (above lanes) with green-fluorescent-protein-expressing E. coli at a multiplicity of infection of 5, probed with antibody 
to (Anti-) green fluorescent protein (GFP) or antibody to vinculin (loading control). (i) Growth of 1 × 105 E. coli incubated for 3 h with unsupplemented 
PBS or PBS supplemented with itaconic acid (Itaconate), dimethyl succinate (DM succ) or dimethyl fumarate (DM fum); horizontal axis, pH of the 
resultant buffers. (j) Growth of S. enterica Typhimurium in presence of PBS, dimethyl succinate (10 mM) or dimethyl fumarate (10 mM), presented as 
absorbance at 600 nm (A600). *P < 0.05, **P < 0.01 and ***P < 0.001 (Student’s t-test (b,c,e–g,i,j) or log-rank (Mantel-Cox) test (d)). Data are from 
are from one experiment representative of three independent experiments with similar results (a,h; mean ± s.d. in a) or two (d,f,g) or three (b,c,e,i,j) 
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(Fig. 7h), whereas LPS (a TLR4 agonist) and the oligodeoxynucle-
otide CpG (a TLR9 agonist) did not (Fig. 7h and Supplementary 
Fig. 8i–j). This was also evident in human CD14+CD16− monocytes 
(Fig. 7e). In addition, treatment with poly(I:C) decreased CI-mediated 
ATP production and promoted CII-mediated ATP production in 
permeabilized BMDMs relative to that in resting cells (Fig. 7i). 
These results indicated that recognition of microbial RNA controlled 
CII activity.
Because bacterial RNA triggers viability-specific immune responses 
through the adaptor TRIF19, we evaluated the contribution of TLR 
adaptors to ETC changes induced by E. coli. In contrast to wild-type 
cells, BMDMs generated from mice deficient in TRIF (Ticam1−/−; 
called ‘Trif−/−’ here) or the adaptor MyD88 (Myd88−/−) or both (Trif−/− 
Myd88−/−) did not undergo induction of CII activity when exposed 
to bacteria (Fig. 7j). In contrast, the induction of CII activity after 
challenge with E. coli was unaffected in BMDMs deficient in STING 
or MAVS (Supplementary Fig. 8k), two adaptors that use mitochon-
dria to mediate the sensing of nucleic acids and poly(I:C) by cytosolic 
receptors14. In addition, both TRIF and MyD88 were required for 
the initiation of changes in ETC composition after E. coli was sensed 
(Fig. 7k,l and Supplementary Fig. 8l). Thus, the adjustments to CII 
function in response to bacteria were probably regulated by phago-
somal RNA-sensing TLRs rather than by cytosolic nucleic-acid-
sensing innate immunological receptors2. Viability-specific immune 
responses and sensing of bacterial RNA also involve the NLRP3 
inflammasome2,19,36, the activation of which has been linked to mito-
chondria, phagosomal NADPH oxidase and ROS release2,14,19,36,37. 
Both the induction of CII (Fig. 7m) and the decrease in ETC super-
assembly (Fig. 7n and Supplementary Fig. 8m) were markedly 
impaired in E. coli–treated BMDMs deficient in NLRP3 (Nlrp3−/−) 
or in caspase-1 and casepase-11 (Casp1−/−Casp11−/−) relative to that 
in E. coli–challenged wild-type cells, which would place CII activa-
tion at the center of viability-specific immune responses to bacteria. 
Consistent with that, treatment of E. coli–infected wild-type mice with 
the CII inhibitor dimethyl-malonate diminished the serum concen-
tration of IL-1β and increased the serum concentration of IL-10 to 
their concentrations in mice treated with heat-killed E. coli without 
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Figure 7 Sensing of bacterial viability induces a MyD88-and-TRIF- and NLRP3-inflammasome-dependent decrease in SC abundance and increase  
in CII activity. (a) BN-PAGE immunoblot analysis and CI in-gel activity assay in BMDMs left untreated (Ct) or treated with viable E. coli (EC) or heat-
killed E. coli (HKEC). (b–d) SRC (assessed as OCR) (b), ECAR (c) and CII activity (d) in BMDMs treated as in a; results in d are presented relative  
to those of untreated cells, set as 100%. (e) CII activity in CD14+CD16− human monocytes left unstimulated or stimulated with E. coli or heat-killed  
E. coli or treated with poly(I:C) (pI:C) or LPS (presented as in d). (f) ROS production by BMDMs treated as in b. (g,h) CII activity in wild-type BMDMs 
left unstimulated or stimulated for 1.5 h with E. coli RNA alone or in the presence of RNase (g) or with poly(I:C), R484, LPS or CpG (h) (presented  
as in d). (i) CI- or CII-mediated ATP synthesis in wild-type BMDMs left unstimulated or stimulated with poly(I:C); results are presented relative to  
those of untreated cells, set as 100% (corresponding to a rate of 25.1 nmol (CI) or 19.8 nmol (CII) ATP per min per mg protein). (j) CII activity  
in wild-type, Trif−/−, Myd88−/− and Trif−/−Myd88−/− BMDMs (key) treated left untreated or treated with E. coli (horizontal axis), presented as in d.  
(k) BN-PAGE immunoblot analysis of unstimulated and E. coli–stimulated wild-type, Trif−/− and Myd88−/− BMDMs; arrows (left margin) indicate the 
main SCs affected. (l,n) Densitometry analysis of a BN-PAGE immunoblot of wild-type, Trif−/−, Myd88−/− and Trif−/−Myd88−/− BMDMs (l) or wild-type, 
Casp1−/−Casp11−/− and Nlrp3−/− BMDMs (n) left unstimulated or stimulated for 1.5 h with E. coli, presented as the signal ratio of SC CI + CIII2 to 
CII, relative to that of untreated cells. (m) CII activity in wild-type, Casp1−/−Casp11−/− and Nlrp3−/− BMDMs stimulated for various times (horizontal 
axis) with E. coli, presented as in d. *P < 0.05, **P < 0.01 and ***P < 0.001 (two-tailed unpaired Student’s t-test). Data are from one experiment 
representative of four independent experiments (a,k) or are from three (b,c,e,i), four (d,g,h,m,n) or five (f,j,l) independent experiments with five (b,c), 
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data suggested that CII activity regulates cytokine production by mac-
rophages during bacterial infection (Supplementary Fig. 8n).
DISCUSSION
Our study has described a mechanism by which macrophages 
adjusted their metabolism in response to viable bacteria by coupling 
TLR engagement, the NLRP3 inflammasome and ROS signaling to 
the mitochondrial ETC. This metabolic adjustment in turn contrib-
uted to pathogen-specific immune responses. The ETC architecture 
was altered in response to the detection of viable bacteria because of 
a decrease in the abundance of assembled CI. Several explanations 
can account for this. CI is an unstable ETC multiprotein complex 
composed of 44 different protein subunits, the assembly of which is 
influenced by the oxidative environment within the ETC15 and/or 
by previous assembly of other ETC components, including CIII38 
or cytochrome c oxidase39. A switch in the substrate that fuels the 
TCA cycle modifies the NADH/FADH2 ratio, which can saturate 
the oxidation capacity of the coenzyme Q pool and thereby induce 
a reverse electron transfer toward CI. This in turn increases 
superoxides that oxidize specific CI proteins and thereby leads to 
disassembly of the complex23. After engagement of surface TLRs, 
ROS expression within the ETC is increased26 and this constitutes 
a potential source of CI-destabilizing ROS. In addition, a modula-
tion of the NADH/FADH2 ratio that induces reverse electron transfer 
is likely to occur here because activation of innate immunological 
receptors diverts pyruvate from entering the mitochondria and limits 
fatty-acid oxidation, while glutaminolysis ensures replenishment of 
the TCA cycle5,40.
Unless an as-yet-to-be-determined bacterial viability–specific 
metabolic-flux adaptation further modulates the NADH/FADH2 
ratio, CI destabilization should occur in response to both heat-killed 
bacteria and viable bacteria. However, we observed alterations in the 
ETC only in response to the latter. In addition, the inhibition of CII in 
macrophage challenged with viable E. coli did not impair the decrease 
in the abundance of CI and CI-containing SCs, nor did it prevent 
the decrease in CI-mediated ATP synthesis. Phagosomal ROS might 
also account for the oxidative destabilization of CI. Indeed, we found 
that gp91phox-deficient macrophages had preserved ETC architecture 
in response to viable E. coli and that phagosomal ROS concentra-
tions in wild-type macrophages were substantially lower in response 
to heat-killed E. coli than in response to live bacteria. However, 
gp91phox deficiency also impaired the induction of CII activity and, 
as a consequence, might also prevent CI-destabilizing reverse elec-
tron transfer. Therefore, whether the changes in ETC architecture 
after challenge with viable bacteria were a consequence of the rapid 
increase in oxidative burst within the ETC due to innate immune 
signaling or resulted from a fuel switch remains to be determined. 
Nevertheless, our data indicated that recognition of E. coli induced a 
transient alteration in SCs in macrophages, which might make CIII 
available for electrons provided by FADH2-dependent enzymes and 
thereby allow mitochondria to re-oxidize cytoplasmic NADH without 
the use of CI, as shown in other models15,20.
Whether metabolic reprogramming directly contributes to mac-
rophage effector function remains unclear. Itaconate, a non-amino 
organic acid, can exert antimicrobial functions at a concentration of 
about 10 mM (refs. 12,13). Consistent with that, we found that the 
CII enzymatic product fumarate prevented bacterial growth in vitro 
and decreased bacterial viability at a concentration of 10 mM, but 
its precursor succinate did not. At such concentrations, the pH is 
merely decreased and should therefore impair normal macrophage 
function. However, after macrophages encounter bacteria, mitochon-
dria are juxtaposed to microbe-containing phagosomes26,41. This is 
mediated by the formation of a complex between the TLR signaling 
adaptor TRAF6 and the mitochondrial CI-assembly factor ECSIT26, 
the interaction of which is regulated by the Mst1-Mst2-Rac signaling 
axis41. Such proximity between mitochondria and bacteria-containing 
phagosomes might permit the delivery of mROS or mitochondrial 
metabolites to contribute to the killing of bacteria14. Such model 
presents some advantages because it would allow those ‘antimicro-
bial metabolites’ to reach sufficient concentrations locally (i.e., within 
the phagosome) while sparing host cellular metabolism. Future work 
should provide additional insight into this issue.
The use of LPS to activate macrophages has generated a consider-
able amount of information on the metabolic pathways and repro-
gramming engaged during inflammation8. We found that challenge 
of macrophage with heat-killed bacteria recapitulated many aspects 
of LPS-mediated engagement of TLR4 on mitochondrial respiration, 
including induction of glycolytic flux (increased ECAR and lactate 
release) and decreased oxygen consumption in the mitochondria. 
However, we observed the induction of CII activity and destabiliza-
tion of the ETC only in response to viable bacteria. Therefore, while 
the use of a single pathogen-associated molecular pattern certainly 
presents advantages, it offers only a partial view of the complexity 
of the innate immunological signals that might regulate metabolic 
adjustments after an encounter with a whole viable microorganism. 
This is not trivial, because macrophages tightly ‘scale’ their response 
to many features of bacteria, including viability-specific signals2,35. 
Most notably, we found that the inhibition of CII during challenge of 
mice with viable bacteria increased the concentration of IL-10 and 
decreased the concentration of IL-1β in the serum to the concentra-
tions observed when heat-killed bacteria were used. Thus, the estab-
lishment of a functional link among pattern-recognition receptors, 
ETC organization and subsequent inflammatory immune responses 
might offer substantial benefits for vaccine design and provide valu-
able new targets for pharmacological intervention both during infec-
tion and in metabolic inflammatory disorders.
METHODS
Methods and any associated references are available in the online 
version of the paper.
Note: Any Supplementary Information and Source Data files are available in the 
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Figure 8 Inhibition of CII in vivo modulates cytokine production after 
challenge with viable E. coli. Serum concentration of IL-1β (a), IL-10 
(b) and IL-6 (c) in wild-type mice treated with PBS alone (PBS) or with 
dimethyl malonate (600 mg per kg body weight) alone (DM) or together 
with intraperitoneal injection of 1 × 109 viable E. coli (EC + DM), or with 
intraperitoneal injection of 1 × 1010 heat-killed E. coli alone (HKEC). 
Each symbol represents an individual mouse; small horizontal lines 
indicate the mean (± s.e.m.). *P < 0.05, **P < 0.01 and ***P < 0.001 
(two-tailed unpaired Student’s t-test). Data are from one (a) or two (b,c) 
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Mouse strains. C57BL/6J and CD1 mice were purchased from Harlan 
Laboratories. Myd88−/− and Trif−/− mice were originally generated by S. Akira 
and bred to homozygosity to generate Trif−/−Myd88−/− mice by R. Medzhitov. 
Ips1−/− mice were originally obtained from S. Akira and backcrossed with 
Trif−/− mice to obtain Ips1−/−Trif−/− mice. C57BL/6J-Tmem173gt/J mice (called 
‘GT-Sting mice’ here) and Gp91phox−/− (B6.129S6-Cybbtm1Din/J) mice were 
obtained from the Jackson Laboratory. Nlrp3−/− and Casp1−/−Casp11−/− mice 
have been described previously42,43. We used 8- to 10-week-old animals (males 
or females) for all experiments. Experiments were repeated three times and 
three to five animals per group were used to reach statistical significance. No 
blinding or randomization strategy was used and no animal was excluded from 
analysis. All experimental procedures were approved by institutional care and 
use committees and performed in agreement with EU directive 86/609/EEC 
and recommendation 2007/526/EC regarding the protection of laboratory 
animals and enforced under Spanish law by Royal decree 1201/2005.
Reagents. Lipopolysaccharide, polyinosinic:polycytidylic acid (polyI:C), CpG 
ODN were purchased from Invivogen. 3-nitropropionic acid (NPA), succinate, 
succinate hexahydrate, glutamate, malate disodium-salt, fumarate, dimethyl-
fumarate, dimethyl succinate, dimethyl malonate, itaconic acid, thenoyltrif-
luoroacetone, carbonilcyanide p-triflouromethoxyphenylhydrazone, CCCP, 
oligomycin, rotenone, antimycin A, ubiquinone, sn-glycerol 3-phosphate, oxi-
dized cytochrome c, adenosine tri-phosphate (ATP), adenosine di-phosphate 
(ADP), phenazine methosulfate (PMS) and digitonin were all from Sigma. 
Luciferin and luciferase were from Promega and Roche, respectively.
Bacteria. Escherichia coli K12, strain DH5α, was purchased from Invitrogen. 
Salmonella enterica serovar Thyphimurium strain SL1344 was provided by 
F. Norel-Bozouklian. SL1344 bacteria were grown in LB broth supplemented 
with 50 µg/ml streptomycin (Sigma). For phagocytosis experiments, bacteria 
were grown overnight in Luria-Bertani (LB) broth with shaking, diluted 1/50, 
and grown until log-phase (optical density of 0.8–1.2 at 600 nm) without shak-
ing. Bacteria were washed with phosphate-buffered saline (PBS) to remove 
LB salts before addition to cells. For heat killing, E. coli were grown to log 
phase, washed, re-suspended in PBS and subsequently incubated at 60 °C for 
60–90 min. Aliquots of heat-killed bacteria were stored at −80 °C until use. 
Efficient killing was confirmed by overnight plating on LB-agar plates. Total 
RNA was isolated from E. coli using the e.z.n.a. Bacterial RNA kit (Omega 
Bio-Tek). E. coli-GFP were generated by transformation of BL21pLysS bacteria 
(Invitrogen) with a pET-28 vector encoding the GFP-OT fusion protein44. 
E. coli-GFP were grown in the presence of 50 µg/ml kanamycin and 50 µg/ml 
chloramphenicol. To induce GFP expression, bacteria grown overnight were 
diluted to an optical density of 0.8 at 600 nm and incubated for 4 h in the pres-
ence of 1 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG).
Antimicrobial assay. The following bacteria strains were used: Salmonella 
enterica serovar Thyphimurium strain SL1344, Escherichia coli K12, strain 
DH5α (Invitrogen). Bacteria were cultured at 37 °C overnight in lysogeny 
broth (LB). Bacterial concentrations were measured by spectrophotometry at 
600 nm and diluted to a concentration of 105 CFU/ml in PBS supplemented 
with 0.1, 1, or 10 mM of itaconate, fumarate, succinate, dimethyl fumarate or 
dimethyl succinate and incubate for 6 h at room temperature. Serial dilutions 
were then plated on LB-agar plates supplemented with 50 mM streptomycin (for 
SL1344) and grown overnight at 37 °C. Photographs were taken using a scanner. 
Alternatively, bacteria were diluted to a final optical density of 0.2 at 600 nm in 
LB supplemented as above and growth was measured every 2 h by spectropho-
tometry. For CFU enumeration, bacteria were diluted to a concentration of 105 
CFU/ml in PBS supplemented as above, incubated for 6h and serial dilution 
were plated on LB-agar plates. The number of colonies formed after overnight 
incubation was counted. For analysis of cell death, bacteria were stained with 
5 µM propidium iodide (to stain nucleic acids) and 5 µM of cell SYTO red dye 
(Life Technology) for 15 min, and analyzed by flow cytometry.
Macrophage preparation and treatment with Escherichia coli. Murine bone 
marrow-derived macrophages (BMDMs) were generated from C57BL/6J, CD1, 
Fgr−/−, Myd88−/−, Trif−/−, Trif−/−Myd88−/−, GT-sting, Ips-1−/−, Trif−/−Ips-1−/−, 
Gp91phox−/−, Nlrp3−/− and Casp1−/−Casp11−/− mice, as described previously45, 
in RPMI 1640 supplemented with M-CSF (30% mycoplasma-free L929 cell 
supernatant, NCBI Biosample accession # SAMN00155972) and 10% FBS, 
plus 100 µg/ml penicillin, 100 µg/ml streptomycin, 10 mM HEPES, 1 nM 
sodium pyruvate and 50 mM 2-mercaptoethanol (all from Gibco). Peritoneal 
macrophages were harvested 72 h after intraperitoneal injection of 1 ml 3% thi-
oglycollate medium (BD Bioscience). Human CD14+CD16− monocytes were 
obtained from buffy coats using the EasySep Human Monocyte Enrichment 
Immunomagnetic kit (Stemcell Technologies). For treatment with viable E. coli 
and heat-killed E. coli, cells were plated at 1.5 × 106 cells/well in non-treated 
six-well cell culture plates (BD Bioscience) and left to adhere for at least 4 h. 
BMDMs were challenged with E. coli or heat-killed E. coli at a multiplicity of 
infection of 20 and plates were spun at 400g for 5 min. Cells were incubated 
for 1.5 h unless otherwise indicated. For longer time points, 50 µg/ml gen-
tamicin sulfate (Gibco) was added after 1 h of incubation. Alternatively, cells 
were stimulated with soluble ligands as follows: 200 ng/ml LPS, 20 µg/ml 
poly(I:C) or 5 µg/ml CpG ODN. For treatment with metabolic inhibitors, 
0.5 mM 3-nitropropionic acid (NPA), 0.5 mM dimethyl-fumarate or 0.5 mM 
thenoyltrifluoroacetone was added to the cells 30 min to 1 h before challenge. 
For stimulation of human cells, CD14+CD16− monocytes were isolated from 
buffy coats. Cells were plated at 1 × 106 cells/ml in non-treated 12-well cell 
culture plates (BD Bioscience) and left to adhere for at least 2 h. Cells were 
challenged with E. coli and heat-killed E. coli at a multiplicity of infection 
of 10 and plates were spin at 2,500 r.p.m. for 1 min. Cells were incubated 
for 1.5 h. Alternatively, cells were stimulated with soluble ligands as follows: 
250 ng/ml Ultrapure EK-LPS and 10 µg/ml LMW poly(I:C). For supernatant 
collection, cells were plated at 3 × 105 cells/well in a 48-well plate and stimu-
lated as described above.
Oxygen consumption rate and glycolytic flux evaluation. Real-time 
oxygen-consumption rate (OCR) and extracellular acidification rate (ECAR) 
in BMDMs were determined with an XF-96 Extracellular Flux Analyzer 
(Seahorse Bioscience); 1 × 105 cells/well in five to six wells were used for each 
condition. The assay was performed in DMEM supplemented with 2 mM 
glutamine, 100 µg/ml penicillin, 100 µg/ml streptomycin, phenol red and 
25 mM glucose + 1mM pyruvate or 5 mM L-carnitine + 50 µM palmitoyl-CoA. 
The pH was adjusted to 7.4 with KOH (seahorse medium). Three consecutive 
measurements were performed under basal conditions and after the sequen-
tial addition of the following ETC inhibitors: 1 µM oligomycin, 1 µM CCCP, 
1 µM rotenone and 1 µM antimycin. Basal respiration rate (BRR) was defined 
as OCR in the absence of any inhibitor. Maximal respiration rate (MRR) 
was defined as the OCR after addition of oligomycin and carbonilcyanide 
p-triflouromethoxyphenylhydrazone. Spare respiration capacity (SRC) was 
defined as the difference between MRR and BRR. ECAR was measured in the 
absence of drug. Where indicated, cells were treated with 0.5 mM NPA for 30 min 
before stimulation. For lactate production measurement, cells (1 × 105/well) 
were plated on a 96-well plate and stimulated as indicated. Cells were washed 
5 times with PBS and 100 µl of seahorse medium was added. Plates were incu-
bated at 37 °C without CO2 for 1h and supernatants were harvested. 25 µl of 
supernatant diluted five times was used to measure lactate production using a 
Lactate assay kit II (Sigma) according to manufacturer’s instructions.
Isolation of mitochondria and BMDMs permeabilization. Mitochondria 
were isolated as described46 with some modifications. 1 × 108 BMDMs were 
collected in PBS supplemented with 5 mM EDTA and washed with PBS. Cell 
pellets were frozen at −80 °C to increase cell breakage and were homogenized in 
a tightly fitting glass-teflon homogenizer with 10 volumes of buffer A (83 mM 
sucrose, 10 mM MOPS, pH 7.2). An equal volume of buffer B (250 mM sucrose, 
30 mM MOPS, pH 7.2) was added and nuclei and unbroken cells were removed 
by centrifugation at 1,000g for 5 min. Supernatants were collected and centri-
fuged at 12,000g for 2 min. Mitochondria pellets were washed once with buffer 
C (320 mM sucrose, EDTA 1 mM, 10 mM Tris-HCl, pH 7.4). Mitochondria 
were then suspended in an appropriate volume of PBS for storage at −80 °C.
Blue-native PAGE (BN-PAGE), two-dimensional gel analysis, and in gel 
activity assay. For BMDM permeabilization, 3 × 106 macrophages were 




















































cells incubated on ice for 10 min. Cold PBS (1 ml) was added and cells were 
centrifuged for 5 min at 10,000g. The pellet was suspended in 100 µl of AA 
buffer (500 mM 6-aminohexanoic acid, 50 mM immidazole, 1 mM EDTA, 
pH 7) and 10 µl of a 10% digitonin solution was added. Cells were centri-
fuged for 30 min at 18,000g. Supernatant was harvested and 10 µl of sample 
buffer (5% Blue G-250, 5% glycerol in AA Buffer) was added. Samples were 
stored at −80 °C until use. BN-PAGE was performed as described47. For 
two-dimensional gel analysis, 50–75 µg of mitochondria were digitonin- 
permeabilized with 4 µg digitonin per µg of protein and loaded on a BN 
polyacrylamide gel. Each individual band on the BN-PAGE was cut out and 
incubated for 1 h in buffer containing 1% SDS and 1% 2-mercaptoethanol. 
The buffer was replaced with a 1% SDS solution and incubation was continued 
for 30 min. BN-PAGE bands were loaded on an SDS polyacrylamide gel com-
posed of a 10% acrylamide/Bis-acrylamide (AB) stacking gel and a 16% AB 
resolving gel. Electrophoresis was performed overnight at 12–15 mA, and 
proteins were transferred to a PVDF membrane using a Trans-Blot Semi-Dry 
Transfer Cell (Bio-Rad). For in-gel OXPHOS complex activity assays, CI 
was revealed by incubating the BN gel for 1–3 h in 0.1M Tris-HCl, pH 7.5, 
containing 1 mg/ml NBT and 0.14 mM NADH. For densitometry analysis, the 
ImageJ64 software was used. Band limits were determined using low-exposure 
images to efficiently distinguish the different bands. Background correction 
was applied for each analysis.
Oxidative-phosphorylation function and enzyme activities. CII activity was 
measured spectrophotometrically from the reduction of 2,6-diclorophenol-
indophenol (DCPIP) by tracking the absorbance at 600 nm over 3 min as 
described48 with some modifications. 3 × 106 cells were suspended in 100 µl 
PBS on ice. Protein concentration was determined and the volume was adjusted 
to the lowest concentrated sample. Sample (20 µl) was suspended in 950 µl of 
buffer C1/C2 (25 mM potassium phosphate (K2HPO4) pH = 7.2, 5 mM MgCl2, 
3 mM KCN, 2.5 mg/ml BSA) supplemented with 100 mM succinate and 0.1% 
Triton X-100, and incubated 10 min at room temperature in a cuvette. After 
addition of 6 µl 5 mM DCPIP, 2 µl 1 mg/ml of antimycin A and 2 µl 1 mM roten-
one, samples were incubated for 2 min. Then, 6 µl of 10 mM UQ1 was added 
and absorbance was measured. CII activity was extrapolated using the following 
formula: [CII activity = ((rate/min)/19.1) / sample volume × 1000 × dilution 
factor], where 19.1 is the molar extinction coefficient at 30 °C (mM−1cm−1). 
For CII + CIII, UQ1 was replaced with 1 mM oxidized cytochrome c (Sigma). 
For SDH activity, UQ1 was replaced with phenazine methosulfate (PMS). For 
mitochondrial glycerol 3-phosphate dehydrogenase (mG3PDH) activity, suc-
cinate was replaced with 1 M glycerol-3-phosphate. For OXPHOS enzymatic 
activities in isolated mitochondria, individual and combined complex activities 
of isolated mitochondria were measured spectrophotometrically as described48. 
The CII-, CII-plus-CIII- and mG3PDH-specific activities corresponding to 
100% activity measured in permeabilized untreated BMDMs are 0.0165 ± 0.005 
IU/mg protein (N = 25), 0.020 ± 0.008 IU/mg protein (N = 4) and 0.0180 ± 
0.006 IU/mg protein (N = 18), respectively.
ATP synthesis assay. ATP synthesis was measured in permeabilized cells by 
kinetic luminescence assay49. Cells (2 × 106) were suspended in 160 µl of 
buffer A (150 mM KCl, 25 mM Tris-HCl, 2 mM EDTA, 0.1% BSA FA, 10 mM 
K-phosphate, 0.1 mM MgCl2, pH 7.4) at room temperature and 50 µg/ml 
digitonin was added. Samples were mixed gently for 1 min, and the reaction 
was stopped by addition of 1ml of buffer A. Cells were centrifuged at 3,000 
r.p.m. for 2 min at room temperature, and pellets were suspended in 160 µl of 
buffer A and dispensed into the wells of a 96-well luminescence reading plate 
(Costar). Substrate cocktail (50 µl) and 20 µl of buffer B (0.5 M Tris-acetate, 
pH 7.75, 0.8 mM luciferine, 20 µg/ml luciferase) were added, and lumines-
cence was measured over 1 min. Substrate cocktails were composed of 6 mM 
diadenosin pentaphosphate and 6 mM ADP supplemented with 1 M gluta-
mate + 1 M malate for determination of CI activity or with 1 M succinate for 
CII activity. ATP production rate is presented as ‘nmol of ATP/min/mg of 
protein.’ All measurements were performed in triplicate.
Phagocytosis assay. Macrophages (3 × 105) were seeded in triplicate on an 
untreated 24-well plate (BD Biosciences). Cells were challenged with 6 × 106 
3-µm Fluoresbrite microspheres (Polysciences) or 3 × 106 E. coli–GFP and 
centrifuged for 5 min at 400g. After 20 min incubation, cells were washed 
with PBS, harvested in PBS containing 5 mM EDTA, and analyzed by 
flow cytometry.
Cytokine enzyme-linked immunosorbent assay (ELISA). IL-1β, IL-10 and 
TNF-α ELISA kits were from BD Biosciences. Capture/detection antibod-
ies for IL-6 were from BD Biosciences. Supernatants from BMDMs were 
collected at 24 h after stimulation. ELISA kits are used according to the 
manufacturer’s instructions. Detection antibodies were biotinylated and 
labeled with streptavidin-conjugated horseradish peroxidase (HRP, from 
invitrogen) and visualized by incubation with 5,5′-tetramethylbenzidine 
solution (TMB, KPL). Color development was stopped with TMB-stop 
solution (KPL). Recombinant cytokines served as standards and were 
purchased from Peprotech. Absorbance at 450 nm was measured on a 
microplate reader (Benchmark Plus, Bio-Rad).
In vitro and in vivo infection and bactericidal activity experiments. For 
in vitro experiments, BMDMs were plated at 2 × 105 cells/well in triplicate 
on a 24-well plate in an antibiotic-free complete medium. BMDMs were 
infected with DH5α or SL1344 at a multiplicity of infection of 5 and cen-
trifuged for 5 min at 400g. After 30 min incubation, cells were washed and 
complete medium supplemented with 50 µg/ml gentamycin was added. At 
the indicated time point after infection, cells were washed with PBS and 1 ml 
of PBS containing 1% Triton X-100 was added. Plates were incubated at room 
temperature for 15 min and serial dilutions (1/10, 1/100, 1/1,000) were plated 
on an LB-agar plate, which in the case of SL1344 contained 50 µg/ml strep-
tomycin. Plates were incubated at 37 °C and bacterial colonies were counted. 
When needed, cells were pretreated with 3-nitropropionic acid (NPA) 30 min 
before infection; the inhibitor concentration was maintained throughout the 
experiment. For in vivo experiments, mice were injected intraperitoneally (i.p.) 
with 50 mg/kg NPA 1 h before infection. Injection of inhibitor was repeated 
every second day over the course of the experiment. For E. coli infection, mice 
were injected i.p. with 1 × 108 DH5α and sacrificed at 72 h after infection. 
Spleens were harvested and homogenized in 5 ml PBS, and serial dilutions 
were plated on LB-agar plates for colony counting. For peritoneal cell analysis, 
mice were injected i.p. with 1 × 108 DH5α. 12 h later, mice were sacrificed 
and peritoneal cells were collected in 8 ml ice-cold PBS. Each experiment 
included four to five mice per group and was repeated three times with similar 
results. No specific blinding or randomization strategy was used. No animal 
was excluded from analysis.
Immunoblot analysis. For protein-extract collection, 1.5 × 106 cells were 
lysed in RIPA buffer supplemented with protease and phosphatase inhibitor 
cocktails (both from Roche) and subsequently sonicated and boiled for 5 min 
at 95 °C. Protein lysates were separated on 4–12% SDS-gradient gels (Bio-Rad). 
Proteins were transferred to PVDF membranes (Millipore). Membranes 
were blocked with 5% bovine serum albumin (BSA) in PBS and probed with 
antibodies sourced as follows: anti-CORE1 (1/5,000 dilution, ab110252, 
Abcam), anti-NDUSF3 (1/5,000 dilution, ab110246, Abcam), anti-ATP-B 
(1/2,000 dilution, ab43176, Abcam), and anti-NDUFA9 (1/5,000 dilution, 
ab14713, Abcam), anti-FpSDH (1/5,000 dilution, #459200, Invitrogen), anti-
Cox5b (1/5,000 dilution, #11418-2-AP, Proteintech Europe), anti-vinculin 
(1/10,000 dilution, V9131, Sigma); and anti-β-actin (1/10,000 dilution, 
sc-91178, Santa Cruz Biotechnology).
Real-time PCR. Total RNA was isolated from macrophages using the RNeasy 
kit (Qiagen). Contaminating genomic DNA was removed by DNase digestion 
(Qiagen). Reverse transcription was performed using the High Capacity cDNA 
Reverse Transcriptase kit (Applied Biosystem), and cDNA was used for sub-
sequent real-time PCR reactions. Quantitative real-time PCR was conducted 
on an 7900 HT Fast Real-Time PCR system (Lifetechnologies) using SYBR 
green qPCR Master Mix (Promega) with the following primer pairs: Actb, FW 
5′-GAAGTCCCTCACCCTCCCAA-3′, RV 5′-GGCATGGACGCGACCA-3′; 
Il1b, FW 5′-AAAGACGGCACACCCACCCTGC-3′, RV 5′-TGTCCTGAC 
CACTGTTGTTTCC CAG-3′; Ifnb, FW 5′-TCAGAATGAGTGGTGGTTGC; 
RV 3′-GACCTTTCAAAT GCAGTAGATTCA; Tnf FW 5′-CCCCAAAGGG 




















































Flow cytometry. Cells were stained with the appropriate antibody cocktails 
in ice-cold PBS supplemented with 2 mM EDTA, 1% FCS and 0.2% sodium 
azide for 15 min. Samples were processed by FACS canto-3L or LSR-Fortessa 
analyzers (BD Biosciences) and data were analyzed with FlowJo software. 
Antibodies used were anti-CD11b-APC-Cy7 (1/200 dilution, M1/70, #557657, 
BD Bioscience), anti-Ly6G-PE-Cy7 (1/200 dilution, 1A8, #560601, BD 
Bioscience), anti-F4/80-PE (1/400 dilution, BM8, eBioscience).
Gene microarray analysis. Affymetrix Microarray data from BMDMs 
were previously deposited with the NCBI Gene Expression Omnibus under 
accession code GSE27960 (ref. 19). Data for genes encoding ETC subunits 
were analyzed and plotted using Genesis software from Graz university of 
Technology (http://genome.tugraz.at/).
Statistical analysis. Statistical differences were analyzed with Prism soft-
ware (version 5, GraphPad Software Inc.). Comparisons of two groups were 
calculated with two-tailed unpaired Student’s t-test and, where indicated, 
with paired Student’s t-test or one-way ANOVA followed by Tukey post-test 
analysis. For survival experiments, statistical significance was tested by a 
log-rank (Mantel-Cox) test. A P value of less than 0.05 was considered 
statistically significant. No randomization or exclusion of data points was 
used. Pilot in vivo studies were used for estimation of the sample size required 
to ensure adequate power.
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